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• How much w ater mov es out of the
a soil, up through vegetation and
e back into the atmosphere is a key
a question for plant physiologists
interested in crop production,
•  since crop water use is closely
linked w ith yield.
•  In arid parts of the world where
a water is a major limiting factor in
expanding agricultural
a  product iv ity, f inding t he  answer
I . can be crucial.
The '/ YORA a pew in s t rum en t d ri ve /g ood et
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c rop Th e, ( i P th c e w o rk s t w m ak in g t g li
t teq ue ric y  m Pac,ore m en ts  o f th e arr ioun t o f
w ater vap ou r m a king a w a k fr um the crop
 11.
The Inst itute of Hydrology OK has
recent ly started a project to st udy the
detailed processe s of evaporat ion f rom
sparse d ryland barley crops, typical of
those g row n in many low rain fall areas of
Af rica and the M idd le East In this type of
vegetat ion much of the rainfall is ' lost as
d irect evapo rat ion f rom the soil and
convent ional methods of calcu lat ing
crop w ate r use are of ten ve ry inaccurate
The princ ipal aim of the st udy is to make
detailed measurements of plant , soil and
total evapo ration and to use t hese to
deve lop models w hich w ill g ive more
accurate pred ict ions of sparse crop
evaporation
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The project is in Syria at the ICARDA
research station (International Center for
Ag ricultural Research in the Dry Areas)
near A leppo w here experiments on crop
product ivity should benefit from the
precise and frequent measurements of
evaporation rate that the st udy can
provide .
One of the main instruments used is the
Inst itute of Hydrology 's new evaporat ion
measuring device called the 'Hydra The
instrument is composed of a sonic
anemometer, a new elect ronic
instrument that measures vertical w ind
speeds very 'rapidly, and an infra-red
hyg rometer, w hich measures humidity
in the air w ith a beam of inf ra-red light .
The third component , a thermocouple.
gauges f luctuat ions in air tem perature.
These sensors are linked to a
microprocesso r to analyse the
measurements as they are made. One
feature w hich is very important for
environmental research is the ability to
run under battery pow er - very attractive
for both hydrological and agricultural
research applications .
Testing the Hydra's direct measurement
of evaporation in Syria is only part of the
jo int study betw een ICARDA and IH. A
second goal is to pred ict evaporation.
W eather data, reco rded hourly using an
automat ic w eather station, w ill be fed
into an equation w hich breaks dow n
evaporat ion into its components. Water
loss from the plants and soil can then be
predicted more exactly, since the
equation includes a value for soil
*resistance' to evaporat ion and a value
representing the degree to w hich plant
sto mata hamper evaporat ion. A model
w hich quant if ies the amounts of w ater
used by the plants and lost as soil
evaporat ion should be a usef ul tool in
helping to assess different crop
management pract ices w hich attempt to
make more ef ficient use of the lim ited
soil wate r supply.
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2. SUMMARY
This study was set up to improve our understanding of the detailed
processes of evaporation from sparse dryland crops; an area where there is
considerable uncertainty about the applicability of conventional evaporation
formulae. The overall approach is to make detailed measurements of plant,
soil and total evaporation in sparse dryland crops and to use these
measurements to develop models which can predict evaporation from these types
of vegetation. This report describes the first phase of the project which
had the objectives of installing the equipment at the experimental site at
ICARDA in Northern Syria, obtaining preliminary results from each
experimental system and the formulation of a theoretical description of
evaporation from sparse crops.
During the first season measurements were made in a barley crop which ,
because of below average rainfall, only achieved a maximum ground cover of
ca 502 , thereby providing an excellent substrate to test our experimental
techniques. Total crop evaporation was measured using a neutron probe and
results compared w ith the more detailed (hourly) values obtained using an
eddy correlation device (the 'Hydra'). The Hydra results were found to be in
error (ca . 30% too low) towards the end of the crop season. These errors in
the Hydra data were shown (theo reticaly ) to be attributable to temperature
drifts in the humidity and vertical windspeed sensors and also to high
porometer, and subsequent calculations of transpiration gave results which
were consistent with the high degree of water stress. Afternoon leaf
•
•
•
•
•
•
•
•
•
•
frequency flux losses. The discovery of these faults in the Hydra were very •
timely as the instrument is currently undergoing a comprehensive redesign •
•
•
prior to commercialization. The next phase of the project will contain a
rigorous testing program for the new Hydra to see if the redevelopments have
been successful.
•
Direct measurements of leaf stomatal conductance, made using a
•
conductances were very low (4 2 mm s—i), howeve r, the conductance of the ear
was much higher (3 — 4 mm sTi ), suggesting that the stomata in the ear were
kept preferentially open, possibly to maintain photosynthesis and the
development of the grains. More measurements of stomatal conductance are
required at different stages of the crop season , to further examine the
re lationships between crop conductance and weather and soil variables.
•
•
•
•
•
00
0
0
41 Soil evaporation was measured directly , using a small lysimeter, after
harvest. Preliminary results showed good agreement with evaporation measured41
using the neutron probe, over a period of up to 6 days. It seems feasible
41 that this method can therefore be used to measure direct evaporation from the
41 soil between the crop rows in the next phase of the project.
41
A theoretical description of the energy partition of sparse crops is
41 presented , which describes evaporation in terms of the controlling
• resistances associated with the plants, and w ith the soil (or water) in which
they are growing . The model provides a simple but physically plausible41
description of the transition between bare soil and a closed canopy.
41 Although the aerodynamic transfer resistances for incomplete canopies have,
41 as yet, no experimental justification, typical values, appropriate to a
specimen agricultural crop and soil, are shown to have limited sensitivity in41
the model. Processes which require further study if the equation is to be
41 used to calculate evaporation throughout a crop season are also discussed.
41
To calculate the separate components of evaporation which originate from41
the plants and the soil, it is necessary to know the amount of net radiation
41 intercepted by the plants and , hence, the remainder which falls on the soil.
41 Miniature tube net radiometers were used to measure net radiation
interception and preliminary resu lts showed that near harvest only 30-50% of41
the incident net radiation was intercepted by the plants. There was also a
41 marked diurnal variation in radiation interception due to the changing solar
41 angle.
41
The flux of sensible heat in the soil can form a significant part of the
41 surface energy balance in sparse crops. Accurate predicton of crop
41 evaporation therefore requires some measure (and/or model) of soil heat
flux . Small heat flux plates were used to measure soil heat flux and the41
results obtained indicated that, even in very dry soil, there were days when
41 nearly 10% of the incident net radiation was used to heat the soil. There
• also appears to be a good relationship between the daily input of heat to the
soil and the rise in soil temperature. Howeve r, more measurements are41
required in wetter soils, where soil heat fluxes could be even larger than
• the values already obtained.
•
•
In summary , substantial progress has been made during the first phase of
the project both in evaluating techniques and in formulating a theo retica l
description of sparse crop evaporation. The next phase of the project should
concentrate on the following :-
(i) Testing the redesigned Hydra.
(ii) Making measurements of leaf area , crop height, plant and soil
surface conductances , net radiation interception and soil heat
flux throughout the crop season.
Estimation of the aerodynamic resistance within and above the crop
canopy.
(iv ) Testing/validation of the sparse crop model.
41
41
41
41
• 3.  INTRODUCTION
41
Low and erratic rainfall is one of the main factors limiting crop
41 production in dryland regions. However, there is substantial potential for
• yield improvement through the development of more efficient strategies for
utilizing the limited soil water reserves. These changes in crop management41
will be better understood, and therefore shou ld be more generally applicable,
41 if the processes of evaporation from sparse dryland crops are more fully
41 examined.
40
Much of the past research on evaporation processes has concentrated on
41 temperate areas where the ground is covered w ith uniform vegetation. As a
40 result substantial information exists about the rates of evaporation and
associated surface and aerodynamic resistances of many common land surfaces,40
for example, grassland, forests and temperate cereals. However, much less is
41 known about the evaporation and surface resistances of crops in dryland
41 regions which for much (or all) of the crop season do not completely cover
the ground. Although evaporation can be calculated (for example, using the41
Penman-Monteith equation) for uniform vegetation giving complete ground
41 cover, there is considerable uncertainty about the use of such evaporation
41 formulae for incomplete canopies. The overa ll aim of the study is,
therefore, to make detailed measurements of plant, soil and total evaporation41
in sparse dryland crops and to use these measurements to develop models which
41 will give more accurate predictions of evaporation from these types of
• vegetation.
41
The specific aims of the first phase of the project were:-
40
• (i) To transfer equipment to and install it at the field site .
(ii) To evaluate the experimental techniques by obtaining some41
preliminary results for each system .
41 (il ) To formulate a theoretical description of sparse crop evaporation
• within which the field measurements could eventually be combined.
41
This report describes the progress made during the first field season, with
40 descriptions of the different experimental systems used and examples of the
• data obtained from them.
40
41
4. SITE , CROP AND SEASON
(a) Site and sowing
The site selected for the first seasons work was at Tel Hadya (353 55 ' N ,
383  55' E), the main experimental farm of the International Center for
Agricultural Research in the Dry Areas (ICARDA), in Northern Syria. The soil
at Te l Hadya is described as Vertic (calcic) Luvisol, a full soil profile
description is given in Cooper et al (198 1). The site has a Mediterranean
type climate with an annual average rainfall of 342 mm. Further details of
the climate are given by Smith and Harris (1981) and Dennett, Keatinge and
Rodgers (1983).
The experimental field measured ca 500 x 250 m with the longer side in
an East-West orientation; which provided the best fetch for the micro-
meteorological instruments during the prevaling (westerly) winds (see
Appendix I).
e.
The barley (Hordeum vulgari-s L. cv Arabi aswad) crop studied was sown at
•
The green and dead leaf area indices of barley and weeds were measured
at intervals of 1 to 3 weeks throughout the crop season. On each sampling
occasions five 0 .45 x 0 .45 m quadrats were harvested and the total projected
•
•
•
green and dead areas of barley and weeds were measured using a leaf area
meter (Hayashi Denkoh AAM-2). The resu lts of this sampling are shown in
•
•
Figure 1. The barley reached a maximum green leaf area index of about 1.3 at
the beginning of March 1984 . From mid-March onwards the rate of senesence
increased markedly, so that by the 17 April, of a total green area index of
•
•
0 .5, only 6% of this was leaves , 64% was stem and 30% was ears. During •
•
41
41
41
40 January there was a significant growth of broadleaf weeds which were
irradicated by spraying.40
40 Above ground total dry matter of barley (TDM) was also measured on the
41 same sample's used to determine leaf area index. Figure 2 shows that the rate
of dry matter production increased steadily after crop emergence, reaching a41
saximum of about 50 kg ha4 d-I at the end of February. The dry matter
• production rate during March (20 kg ha-1 d-1) was less than half of that
•
achieved during February , but it returned to a rate of 50 kg ha-1 d-1 during
April when the ear emerged.40
41 Crop cover was also estimated on the same days when leaf area index and
41 dry matter were measured. This was done by photographing ten randomly
located 0 .45 x 0.45 m quadrats which were placed across the crop rows. The41
photogrphs were taken from a height of 2 m, using an automa tic camera (Canon
• AE1-Program) with a 50 mm lens; high speed colour slide film (200 or 400 ASA)
41 was used to minimize any blurring due to leaf movement etc. The developed
slides were analysed by projecting them onto a grid 30 x 15 , and the41
450 intersections inspected to see if they hit a green or dead leaf or soil.
41 Figure 3(a) shows the values of crop cover obtained in this way during the
41 1983/84 season. The pattern of green area cover is similar to that for leaf
area index (Figure 1) with a maximum ground cover of about 50% during March.41
No te that as the green area cover decreased during April the amount of soil
41 exposed remained fairly constant, because the dead plant material still
• shaded the ground.
•
Crop height measurements were not started until 6 March by which time
• the crop was 0 .36 m tall, Figure 3(b). Maximum height, 0.55 m , was achieved
• by 1 April.
•
At harvest, crop productivity was assessed from a random sample of 25
• single metre rows (Table I). The low total dry matter production and grain
• yield are consistent with the below average rainfall received during the
growing season (see Table 2); (note, the grain yield is still three times the41
Syrian national barley yield). Even though the grain yield is only a14,
fraction of that obtained in barley crops grown in temperate climates, their
• mean weight per grain is simi lar (Gallagher, Biscoe and Scott 1975). This
implies that even in such severely droughted crops such as the one studied41
here, the mean weight per grain is fairly stable and hence total grain yield
41 is determined by the grain number per unit ground area.
•
S. MEASUREMENTS OF EVAPORATION
(c) Weather during the crop season
Table 2 gives a summary of the weathe r conditions at Tel Hadya during
the crop season (November 1983 to May 1984). During November high
temperatures and substantial rainfall ensu red good germination and rapid
ea rly crop development. From December to March rainfall fell well short of
average , so that conditions of increasingly severe drought developed during
the last two months of the season.
Th is section describes the four diffe rent techniques used to measure 
evaporation.
(a) Neutron probe
Changes in soil moisture content were measu red using an Institute of
Hydrology neutron probe (Bell, 1976). Eight access tubes we re installed to a
depth of 180 cm immediately after planting and monitored regularly through
the season at 15 cm depth intervals. Moisture changes in the 0- 15 cm horizon
were determined gravimetrically using a volumetric soil sampler. Total crop
evaporation was calculated for each period from the change in total moisture
in the 180 cm profile , plus any precipitation which occurred , between the
reading dates. In this experiment runoff and drainage did not occur and we re
therefore ignored in computing evaporation.
Figure 4 shows the seasonal variation in the mean daily rate of total
crop evaporation, Ec . During November and early December Ec was about 75%
of that indicated by the class A pan , E0 . Lack of rain during the latter
latter half of December depressed Ec to only 25% of Eo . From January onwards
E0  increased rapidly , whereas Ec remained fairly constant, at just over 1 mm
d-1, until just before harvest. Figu re 5 shows the cumulative crop and pan
evaporation and cumulative rainfall  between  sowing and harvest. C learly ,
crop evaporation was limited by rainfall, and not atmospheric evaporative
demand.
41
41
41
• ( b ) Th e Hy d ra
41
The 'Hydra ' is the name of an eddy correlation device for measuring
41 evaporation, which has been recently developed at the Institute of Hydrology
• (see Shuttleworth et al 1982 , 1984 and Lloyd et al 1984). Although the Hydra
has been shown to work satisfactorily in temperate and tropical climates, it41
has not yet been rigorously tested in a semi—arid dryland climate over sparse
41 dryland crops. The use of the Hydra in the current study was therefore the
• first field trial of the device in this type of environment.
•
Before the Hydras were sited the experimental field was surveyed to
41 assess its slope, since Wallace et al (1984 ) have shown that significant
• e rrors can arise if the Hydra is set vertically on sloping land . The field
was found to have a slight south facing slope , with a maximum slope of 1.941
along an axis 169 from magnetic north. Two Hydras were set up perpendicular
• to this slope at the eastern end of the field (Figure Al). This arrangement
41 gave maximum fetch for the widest range of wind directions centred around the
prevailing westerly wind direction. Further details of the estimated41
acceptable wind directions, effective fetch and associated measurement errors
41 are given in Appendix 1.
41
Hourly measurements of sensible and latent heat fluxes from the crop41
were recorded from 4 April to 28 May, however, the data are not continuous
41 due to periods when the Hydras were wet due to rain or dew , or when the wind
41 was blowing in an unacceptable direction. Figure 6 shows two examples of the
values of sensible (H) and latent (E) heat fluxes measured using one of the41
Hydras before and after the crop was harvested . Before harvest (18 April
• 1984) the sensible heat flux was about a third of the incident net
41 radiation. Less energy was used in evaporation and the total evaporation for
the day was 1.6 mm . These figures are representative of a crop under water41
stress, since the potential evaporation (Penman 1948) for this day was
• 5.8 mm. Although the potential evaporation was only slightly more on 12 May
• 1984 (6.4 mm), after the crop was harvested, (Figure 6b) the sensible heat
flux was twice that on 18 April and evaporation was reduced to only 8% of net41
radiation; giving a total evaporation of 0.4 mm for the day.
41
• In order to check the values of H and E given by the Hydra they were
•
compared with the available energy , (Rn — G). Figure 7 show s a typical
-10—
example of the cumulative values of available energy, E (Rn-G ) and sensible
and latent heat, E (H+E ), on 18 April 1984. The Hydra fluxes E(H+E ) fell
increasingly short of E(Rn-G), so that over the whole day E (H+E ) was only 66%
of E(Rn-G). The ratio E (H+E)/E(Rn-G) is referred to as the flux recovery
ratio , and Figure 8 shows that this was fairly consistent throughout the
period that the Hydras were working. Clearly there was some error in the
Hydras (or the instruments used to measure Rn and G) which was generating =
30% short fall in the energy balance.
Several possible explanations of the gap in the energy balance have been
investigated theoretically. Table 3 summarizes the four most probable
contenders and indicates the approximate size of the error in each case.
Firstly it was found that (see Appendix II) there is a very real possibility
that fluxes calculated using the on-line Hydra software can be contaminated
by false fluxes caused by correlated drifts in the sensors. The
environmental conditions in Syria generated rather large drifts in the
outputs of the Hydras hygrometer and vertical (sonic) anemometer because of
the large daily temperature cycle and the high radiation loading on the
sensors. The on-line Hydra software continuously calculates a 'running mean'
temperature and humidity. Fluctuations in these quantities about these means
are correlated with simultaneous fluctuations in vertical windspeed. When
the temperatures of the Hydra sensors are changing rapidly, the computed
runnings means can deviate significantly from their true values such that
this difference is interpreted by the computer as a real fluctuation, which
in turn, generates the calculation of 'pseudo' fluxes. Detailed simulations
of this phenomenon are given in Appendix II which illustrates the effect, but
concludes that it is difficult to give a precise quantitative assessment of
the size of the sensor drift flux contamination without further knowledge of
the temperature and humidity frequency distributions. However, from our
purely theoretical computations to date , we can tentatively suggest that the
effect could generate an unerestimate in E and H of the order of 5%.
The second possible source of error in the hydra data is due to the
instrument not recording some of the energy fluxes which are carried in high
41
41
41
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41 frequency eddies. Ideally, the Hydra wou ld be capable of measuring and
41 subsequently analysing , signals corresponding to the whole frequency range of
atmospheric turbulence in the form of temperature, humidity and wind velocity
• fluctuations. In practice the Hydra cannot respond perfectly to all the
41 frequencies encountered in the atmosphere, because of the finite time
constants of the sensors, their size, separation and sampling rate. Other41
factors also affect the frequency response of the Hydra (e.g. height of
41 exposure, windspeed and atmospheric stability) and these have been combined
• in  a  model (see Appendix III) to calculate the amount of 'flux loss ' in
41 different conditions. Figure 9 illustrates the amount of flux loss expected
when using the Hydra in Syria. A range of values for the flux losses in E
41 and H are given in Figure 9(a) because in unstable conditions the turbulent
• spectra are poorly defined at low frequencies (see Kaimal et al 1972). In
typical unstable atmospheric conditions, which occur during the day, the flux41
loss is similar for sensible and latent heat, being between 5 and 10%
41 irrespective of windspeed . At night, when the atmosphere is usually stable,
41 flux losses are much higher; 25 - 40% depending on windspeed. However, since
41 absolute fluxes of H and E are smaller at night, the absolute error incurred
during the night contributes little to the total error in E and H over a
41 whole (24 hour) day.
41
41 Figure 10 illustrates that when the Hydra data are corrected for sensor
temperature drifts and high frequency flux loss , total daily evaporation
41 agrees fairly well with that deduced from the soil moisture balance.
• petalled comparison is difficult since the soil moisture data gives an
41 average evaporation rate over several weeks. However, the Hydra data are
well distributed about the mean soil moisture evaporation figure and also
41
show a realistic response following the rainfall event on 15- 16 April 1984.
41
41 For completeness Table 3 also shows possible errors in net radiation and
soil heat flux. The figures quoted are based on literature reports of the
40 overestimation of net radiation when making measurements over a hot surface
• (Idso and Cooley 1971) and calculations of the error in soil heat flux (see
•
Leuning et al 1982) due to their location 1-2 cms below the soil surface.
Further details of the instruments used to measure net radiation and soil
41 heat flux and the data obtained from them are given later in section 6 of
• this report.
•
•
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(c) Porometers
The transpiration component of the total crop evaporation was estimated
using two types of porometer. On the 7, 14 and 2 1 of March 1984, before ear
emergence, the stomatal conductance of the leaves and stems were measured
using an automatic diffusion porometer (AP II, De lta-T Devices , Cambridge).
On each day measurements were made at 2 h interva ls between dawn and dusk on
the stem and the adaxial and abaxial surfaces of all the green leaves.
During each measurement period the stomatal conductances of five samples of
each leaf and the stem were taken using separate , randomly selected, plants.
On 28 March and 4 April, after the ear had emerged, measurements of the
conductance of the ear was also measured using a null-balance diffusion
porometer of the type described by Beardsell, Jarvis and Davidson (1972).
Figure 11 shows an example of the stomatal conductances of the adaxial
and abaxial leaf surfaces. The adaxial Leaf surfaces had the highest
conductances, nearly three times those observed on the abaxial leaf
surfaces. In this highly water stressed barley crop, the plants tended to
display their leaves with their abaxial surfaces preferentially exposed .
This behaviour would tend to decrease the effective total crop conductance
and hence reduce transpiration . The total stomatal conductance of the leaves
is obtained from the sum of the conductances of the adaxial and abaxial
surfaces . Figure 12 shows the variation is total stomatal conductance of the
four different leaves, the stem and the ear on 28 March 1984. Leaf
conductances were low and decreased continuously during the day, an
indication of a highly water stressed crop. The oldest leaves tended to have
the lowest conductances, however, the leaf below the flag leaf was the one
w ith the highest conductances. The conductance of the stem was very low and
close to zero from midday onwards. Although the conductance of the ear
decreased in parallel with the leaf conductances during the morning, its
conductance increased again in the afternoon, so that it  became  the most
actively transpiring organ in the crop at that time. It is tempting to
suggest that the stomata in the ear we re being kept preferentially open so as
to allow photosynthesis and the development of the grains.
Figure 13 shows the amount of green area in the individual plant organs
on 25 March 1984 . The ear and flag leaf only made a small contribution to
the total green area, the bulk being contained in the leaves lower down the
plants . The stems made a large contribution to the total green area , so that
41
41
• -13-
their contribution to the total canopy conductance was not insignificant  even
41 though their stomatal conductances were very low (see Figure 12). Total
•
canopy conductance was calculated by multiplying together the stomatal
conductances and green areas of the individual plant organs and then adding41
these up.
41
41 Figure 14(a) shows the variation in the total canopy conductance of the
plants during 28 March 1984 . Canopy conductance decreased rapidly during the41
day , however, even the maximum conductance 2 mm s-I is very low and
41 characteristic of crops under severe water stress (e.g. see Wallace et  al
41 L981). The values of canopy conductance shown in figure 14(a ) were used in
the Penman-Monteith equation (Monteith 1965) to calculate transpiration. The41
necessary aerodynamic conductances were calculated from crop height and
• windspeed (see Wallace et .al 1984 ) and the other weather variables required
41 were obtained using an automatic weather station (see Section 6 of this
report). Figure 14(b) shows that transpiration increased to a maximum just41
before midday and then decreased throughou t the afternoon; the total
41 transpiration for the day was 1.0 mm. At this time of the season the mean
41 daily total crop evaporation rate derived from the soil moisture balance (see
figure 4) was about 1.2 mm, which suggests that the soil evaporation was41
about 0.2 mm on 28 March. Figure 14(a) also shows the potential rate of
41 evaporation, again calculated using the Penman-Monteith equation, but using
41 an infinite surface conductance (i.e. no physiological restriction to
evaporation). This illustrates the high degree of control the plants had41
over their water loss , since withou t this evaporation would have been about
41 5 times that calculated with the measured canopy conductances.
110
(d) Soil lysimeter41
41 In order to compare the values of transpiration obtained using the
41 porometers with total crop evaporation measurements made using the Hydra and
neutron probe, it is necessary to have an independent measure of soil41
evaporation. In an attempt to do this a small soil lysimeter was
41 constructed . The lysimeter was made by hammering a steel tube (20 x 20 cm in
41 cross-section and 15 cm deep) into the soil between two crop rows. The soil
around this was removed and the 'undisturbed' soil monolith removed by41
hammering a flat steel plate horizontally across the bottom of the tube.
• When the tube and soil had been raised above the ground the flat steel plate
41 was replaced with a perforated based which was securely attached to the
5
MM.
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lysimeter. In another part of the field a hole was carefully dug between the
crop rows and lined with an aluminium box. The lysimeter was then lowered
into this box to complete the installation . The installation of the soil
lysimeter was not completed until after the crop was harvested , however, it
was weighed daily for a period of two weeks in order to make some assessment
of its feasibility. The balance used to weigh the lysimeter had a capacity
of 12 kg ± lg , which gave an equivalent resolution of the lysimeter of 0 .025
Figure 15 shows a comparison of the results obtained using the soil
lysimeter with those derived from the soil moisture balance. Since the
plants had been harvested, both techniques should have been measuring the
same soil evaporation. For about the first 6 days after the soil lysimeter
had been installed, the agreement between the soil lysimeter and the soil
moisture balance was fairly good, bearing in mind the extremely low rates of
evaporation involved. After 6 days the rate of evaporation given by the soil
lysimeter decreased, however, no measurements of soil moisture were available
to check this. This short test of the soil lysimeter does give results which
are simi lar to those reported by Shawcroft and Gardener (1983), where soil
lysimeters were used under a corn crop (Zea Mays L.). The results obtained
in the present study are the refore encouraging enough to warrant further use
of small soil lysimeters in the next phase of the project.
•
6. PREDICTION OF EVAPORATION
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This section describes the methods used to calculate or predict
410 evaporation. Also included are descriptions of the experimental systems
41 which we re used to provide the input variables for these calculations.
(a) Evaporation equations
There are a great many equations available for calculating evaporation;
41, almost as many as their are situations in which evaporation needs to be
calculated. However, we choose to restrict ou r efforts to the use of the
41 more physically based equations , a summary of which is given in Table 4. The
• Penman (1948) formula, which strictly applies to well watered short grass,
40 has long been accepted as a standard method of calcu lating potential
l,
evaporation, E . However, in many situations , particularly where the vegeta-
tion is not 'adequately supplied ' with water, this formula does not give a
40 very good guide to actual crop evaporation. To obtain actual evaporation
•
many workers multiply Ep by a 'crop factor' (see Doorenbos and Pruitt 1977).
This may provide reasonably accurate estimates of actual evaporation if
locally derived crop factors are used, however, the mdthod is not generally
applicable to crops which have an inadequate water supply (eg See Wallace et
• al 1981).
ID
The Penman-Monteith formula (Table 4) has become increasingly accepted
ID as a method for calculating evaporation from crops which have a different
surface conductance than -'short-grass' and/or are not adequately supplied
40 with water (eg see Roberts et al 1980; Aston 1984). Howeve r, this formula
only applies to vegetation which completely covers the ground and where there
is no soil evaporation. Because of the lack of a generalized , physically
110 based model for describing evaporation from sparse crops we have attempted to
•
reinterpret the approach of Shu ttleworth (1976 , 1978 and 1979) and have
deve loped a model which can simultaneously describe evaporation from sparse
plants and the soil (or water) in which they a re growing (Table 4). Details
•
of the derivation of the model are given in Appendix IV, however, some of the
411 sa lient features of the approach are reproduced here. Figure 16 shows a
schema tic representation of the energy partition of sparse crops. Soil
10
evaporation, KE
s
, traverses the soil surface resistance rs and the
41
aerodynamic resistance rs where it joins the crop component of evaporation
a
XEc . The total evaporation, XE , then moves into the atmosphere via the
remaining aerodynamic resistance, ra. XE
s
and XE
c
can be described using
a
combination equations, ie
XEs
hEc
PMc
PMS
A A
s
+ pc D /rs
p o a
A + y (1 + rs/rs)
s a
A (A-As) + pcp
A + y (1 + tV ric)i
- 16-
The total evaporation from the crop, XE , is [he sum of these two , and it can
be shown (see Appendix IV) that this is described by a combination equation
of the form
XE Cc PMc + Cs PMs
where PMc and PMs are terms each similar to the Penman-Monteith combination
equations which would apply to evaporation from a closed canopy and from bare
soil respectively . They have the form
c  1  a
AA + [pcpD - A raAs]/(ra + ra)
A y ( I r C / r a r C ) )
s a a
AA + [pc D - A rs (A - A ))/(ra + rs)
sa a a
A y [1 rsg ra rs)]
s a a
The coefficients Cc and Cs are given by the expressions
RcRa 1-1
Cc = [1 +  
Ra(Rc + Ra)
(1)
(2)
(3)
(4)
(5)
(6)
••
•
•
•
•
•
•
•
•
•
•
•
•
RsRa 1-1
and Cs - [1 +  
Rc(Rs + Ha)
where R
a
ge  (A + y )ra
a
R = (A  4. „ ) rs , rs
' a s
R (A  4. „ ) rc „ rc
' a '  s
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(7)
(8)
(9)
(10)
An example of the response of the sparse crop model is shown in
Figure 17, where evaporation is calculated for crops of different density
growing in soils of different wetness. The total evaporation rate of sparse
crops is significantly altered by the condition (i.e . surface resistance,
ra of the soil substrate (Figure 17a). The contribu tion to total evaporation
made by plants is also sensitive to rs, and can easily exceed the fraction of
energy intercepted by the canopy when leaf area index is low (< 2) and soil
surface resistance high (Figure 17b). In this situation some of the energy
incident on the soil is transferred as sensible heat to the canopy and
utilized their for transpiration.
• Another interesting feature of the model is its limited sensitivity to
41 the parameterization of aerodynamic resistance, which for sparse crops is a
poorly understood area of micrometeorology . To use the model to describe the
41 variation in plant and soil evaporation through a crop season would require
41 substantial measurements or submodels of crop height, leaf area , stomatal and
41 soil conductance, net radiation interception and soil heat flux. However,
the principal aim of the model is to provide a theoretical framework through
41 which such measurements or submodels can be combined to calculate plant and
41 soil evaporation.
41
(b) Automatic Weather Stations
41
All of the formulae for calculating evaporation shown in Table 4 require
weather data, either daily (Penman ) or hourly (Penman-Monteith, Shuttleworth-
Wallace). In order to provide this information two automatic weather
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stations (Strangeways 1972) were installed just after sowing (9 November
1983) and run continuously until after harvest (22 May 1984 ). Seven weather
variables, solar and net radiation, wind speed and direction, dry and wet
bulb temperatures and rainfall were recorded every 10 minutes. The wet and
dry bulb thermometer assembly was modified to allow the thermometers to be
continuously aspirated using a small 12 volt fan. The recording system was
completely solid state (Monolog Systems , Computing Techniques, Billingshurst,
England ) and data stores were changed week ly and transferred onto floppy disc
(54") using a microcomputer (Commodore 4032). The micro computer was also
programmed to produce an hourly summary of the weather data and a daily total
value of potential evaporation (Penman 1948). Table 5 gives an example of
this summary for 16 April 1984. Hourly weather data can also be plotted
directly from the data discs, Figure 18 shows an example of this from 12 May
1984.
(c) Net radiation interception
To calculate the separate components of evaporation which originate from
the plants and the soil, it is necessary to know the amount of net radiation
intercepted by the plants and, hence, the remainder which falls on the soil.
Net radiation interception was measured using miniature tube net radiometers,
380 mm long x 11 mm wide (Delta-T devices , Cambridge, UK). Tube radiometers
lack perfect spherical symmetry , so their output varies with the orientation
of the solar beam. For this reason the tube radiometers were only used for
comparative measurements of net radiaion above and below the crop. Eight
tube net radiometers were located below the crop so that they crossed two
crop rows (see , Figure 19), this gave a measure of the average net radiation
at the soil surface. Another tube net radiometer was placed 1.2 m above the
crop and at the same orientation as those below the crop. Absolute values of
net radiation above the crop were recorded using a dome net radiometer (Type
DKN/301; Didcot Instrument Company , Abingdon, UK ). The outputs from each of
the radiometers were integrated and each logged hourly using a solid state
recording system similar to that used in the automatic weather stations
(i.e. Monolog Systems; Computing Techniques, Billingshurst, UK ).
Measurements were taken continuously from 19 April 1984 (before harvest) to
21 May 1984 (after harvest).
Figure 20 shows an example of the fraction of above crop net radiation
reaching the soil, just before harvest. The values shown are hourly means
from three bright sunny days (1, 5 and 6 May), which have been corrected for
-19-
the effects of having the below crop net radiometers close to the ground (see
Idso and Cooley 1971, 1972). These correction factors we re derived for each
hour of the day from measurements of net radiation just above the soil and at
1.2 m made after the crop was harvested . The fraction of net radiation
reaching the soil, Risl/Rn , (Figure 20), increased during the morning to about
0 .7. In the afternoon Rs/R decreased to about 0 .5. A simp lified view of
n n
net radiation interception is shown in Figure 21. Follow ing Ross (198 1,
page 351) we describe the net radiation at the soil surface Rs as a function
above crop net radiation, Rn and leaf area index, L, viz
Rs R
n
exp (- KL). (11)
K is the extinction coefficient given by
K Km •n/sin  0 , ( 12)
where Kmin is the minimum value of K which occurs when the solar angle, p,
is 9(2 . This relationship has been found to apply to net radiation during
daylight hours, since R is than primarily determined by direct solar
radiation . Figure 22 shows the values of K calculated using equation (11)
and the data shown in Figure 20, with a leaf area index (green and dead plant
material) of 1.3 (see Figure 1). Also shown is the 'theoretical change in K
du ring the day , given by the measured value of K at solar noon (0 .178)
divided by the solar angle, p (equation 12). Although the midday values of K
are very low (ca 0.2), they are similar to values found in other erectophile
row crops (see, for example, Baldocchi, Verma and Rosenberg 1983). The
theoretical and measured responses of K shown in Figure 22 are simi lar during
the mo rning , however, there is significant disagreement in the afternoon.
Calculations were made to see if this was due to the existence of discreet
crop rows (McCaughey and Davies 1974). This analysis suggests that the rows
had no significant effect on the diurnal pattern of net radiation
interception. If it did Ry Rn would have a minimum value at solar noon (when
the solar azimuth is  19(2 to the crop rows), with maxima in the morning and
evening . This would produce a maximum extinction coefficient at noon and
41
41
41
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41
minumum in the morning and evening, exactly the opposite of what was observed 41
(Figure 22). When the crop rows are not East - West they can significantly 41
affect the diurnal pattern of radiation interception (see McCaughey and
Davies 1974). 41
41
Since the theoretical change in K during the day (equation 12) is based 41
solely on allowing for the change in optical path length through the crop,
this is considered to be the dominant mechanism affecting net radiation 41
interception. The afternoon discrepancy between the measured values of K and 41
those predicted by equation (12) remains unexplained. Two phenomena which 41
cannot account for this are leaf curl during afternoon water stress and
variation in tube net radiometer sensitivity with solar azimuth. Leaf curl 41
would increase light penetration (and Rs/R ) during the afternoon and hence 41
n n
decrease K . During calibration experiments we found that the output of the 41
tube net radiometers in direct radiation depended on their orientation with 41
respect to the solar beam. For a fixed value of radiation at  a  given solar
41
zenith angle, the tube net radiometers give a maximum output when the solar
beam is perpendicular to the axis of the radiometer (and a minimum when solar 41
beam parallel to the axis of the radiometer). Given the orientation of the 41
instruments in the present study (Figure 19) this means that the net
41
radiometers would be less sensitive to direct radiation in the afternoon.
However, since there is more diffuse radiation below the crop , which is not 41
uni-d irectional, measurements of Rn will be reduced proportionately more 41
than  Rs and hence the apparent ratios of  Rs / R  will be larger in the after-
n n 41
noon . This, in turn, would decrease the apparent extinction coefficient K . 41
41(d) Soil heat flux
41
In sparse crops the flux of sensible heat in the soil can form a 41
substantial part of the surface energy balance. Accurate prediction of crop
41
evaporation therefore requires some measure (or model) of soil heat flux.
This section describes the method used to measure soil heat flux and gives 41
some example results. Also presented is a technique for predicting soil heat 41
flux from soil temperature.
41
41
41
41
ID
40
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10
• Soil heat fLux was measured using eight small heat flux plates (25 mm
•
diameter x 2.6 mm deep; Thornthwaite Associates, New Jersey , USA) located 1-2
cms below the soil surface (see Figure 23). Soil temperature was also
measured using platinum resistance thermometers, 'on ' the row (at a depth of
410 16 cm) and 'off ' the row (at a depth of 10 cm). The signals from the flux
40 plates were integrated and logged along with the soil temperatures at hourly
intervals using a solid state logging system similar to that used in the
4,
automatic weather stations (Monolog Systems, Computing techiques,
41 Billingshurst, UK). Measurements were made continuously between the
8 April 1984 and 22 May 1984 .
ID Figure 24 shows examples of the change in soil heat flux and temperature
• on three days. On 13 April 1984 the heat flux into the soil reached a
maximum of = 50 W m-2 around midday; the rise in soil temperature (at 16 cm)
on this day was 3.6 deg K. Five days later (18 April) greater insolation led
ID _ _to a higher soil heat flux and a greater rise in soil temperature, 5.4 deg. K .
• After harvest (12 May 1984) high insp lation gave an even greater flux of heat
into the soil, up to 100 N m-2 at midday . Also soil temperatures were higher
by 7 deg. K ) and the diurnal rise in soil temperature greater (6.1 deg. K) than
in mid-April. \ Figure 25 shows the relationship between the rise in soil
temperature during the day and the cumulative flux of heat into the soil (e.g.
the area under the positive portion of the curves in Figure 24(b)). The
relationship could be interpreted as linear, with no difference in slope before
and after harvest. This means that from simple measurements of soil maximum
• and minimum temperatures it may be possible to calculate the total positive
41 flux of heat into the soil. It is, of course, like ly that the form of the
relationship between soil temperature rise and heat flux will change as the
41 thermal properties of the soil change, with for example soil wetness. The
411 extent of this effect will be studied in future phases of the project.
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CONCLUDING REMARKS AND FUTURE PLANS
The principal objectives of the first phase of the project were
substantially met. Despite administrative difficulties, all of the equipment
necessary for setting up the project were successfu lly imported and installed
at the experimental site in Syria. Most of the techniques required in the
study were also tested and either proved satisfactory or revealed short-
comings which could be dealt with before the second phase of the project.
A good example of this is the discovery that the Hydra measurements
obtained over a sparse crop in the hot, dry Mediterranean climate were
seriously in error. It should be noted that these faults in the Hydra 's
performance were not previously known, and it was only through the use of the
instrument in Syria that they became apparent. Once discovered, the data
from Syria provided the stimu lation to rigorously examine the hardware and
software of the whole Hydra system. This re-evaluation of the Hydra was also
very timely since the instrument was already under a program of redesign
prior to commercialization. The practical outcome of this work is that
redevelopments of the Hydra are currently in progress, which should minimize
most of the errors found in Syria. However, the next phase of the project
will involve a rigorous test of the new Hydra system, to see how successful
the redevelopments have been.
A second area of major progrss was in the formulation of a theoretical
description of evaporation from sparse crops. This is a significant advance
since it provides a means of calculating evaporation from sparse crops using
a physically based model which employs a consistent approach to the plant and
soil components. The model highlights a major gap in our current knowledge,
i.e. the quantitative response of within canopy aerodynamic transfer to crop
density. However, evaporation calculations made using the model were shown
to have limited sensitivity to the parameterization of aerodynamic
resistance. Future work will attempt to assess if this prediction is
correct.
The use of the model to describe the variation in soil and plant
evaporation throughout a crop season would require measurements (and/or
models) of leaf area , crop height, stomatal and soil resistances, net
radiation interception and soil heat flux. The next phase of the project
41
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ID
41 will attempt to make measurements of these quantities , and where appropriate
41 develop models of them, for a range of conditions throughout the crop
season. These measurements will then be combined in the sparse crop mode l
41 and the predicted values of total, plant and soil evaporation compared w ith
41 measurements made using the Hydra, porometers, and interrow soil lysimeters
•
respectively.
40 Another area of study which the project could be extended to cover in
41 the future is in the relationships between crop water use and yield. Having
41 developed methods to measure and calculate both total crop water use and
transpiration this information could be combined with measurements of dry
41 matter production and yield to provide a stronger link with the more
41 agricultural aspects of crop growth.
•
A final objective of the project, both current and future, is the
41 transfer of technical skills and knowledge to the indigeneous staff of our
40 collaborative institute in Syria. By working close ly with them throughout
the project, it is hoped that the work will be of more lasting benefit to the41
agriculture of that region.
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
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• TABLE 1. .7be productivity of  barley (C.V. Arabi M in d)
•
grown at Tel Hadya, Northern Syria during the
1983/84 season and harvested on 7 May 1984 .
• Mean S .D .
*Total Dry Matter 2 ,360 (± 210)
at harvest
• (Kg ha-1)
Grain dry weight 1,140 (± 95)
(Kg ha-1)
•
•
Harvest Index 0.48 (t 0.0 1)
•
Number of ears 238 (± 26)
per m2
•
Number of grains 15.1 (± 2.4)0
per ear
•
• Mean weight 31.7 (± 0.7)
•
per grain (mg)
(*Above ground plant organs only)
TABLE 2 Weather at Tel Radya during the 1983/84 crop season.
-28-
(* data not available for whole month)
November December January February March April Maye
Rainfall (mm) 71.5 18.6 49.3 11.8 31.1 38.8 0 . 04 1
0
Solar Radiation (MJ m-2 8.9 8.6 7.1 13.6 16.5 20.0 26.6..
d-1)
IIP
Mean temperature ()C) 19.5 14.3 12.3 15.2 18.2 21.0 30.11
Relative humidity (%) 74 73 78 66 66 68 47
Wind Speed at 2m (m s-1) 1.7 *NA 1.9 2.2 2.6 2.5 3.30
Class A pan
evaporation (mm) 1.6 1.3 1.0 1.8 2.8 4.0 8.61
POSSIBLE SOURCES OF ERROR
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TABLi  3 Summary of the possible sources of error and their  magnitude, which
could contribute to the 30Z shortfall  in  the energy balance.
(a) Temperature sensitivity of the humidity and
vertical windspeed sensors.
(b) High frequency flux loss due to sensor response ,
size, separation and sampling rate.
(c) Overestimate of net radiation due to hot
soil surface.
APPROXIMATE SIZE
- 5% in E + H
- 5 to 10% in E + H
+ 5 to 10% in Rn
(d) Underestimate of soil heat flux due to heat
storage in soil. - 5 to 10% in G
-30-
TABLE 4. A  summary of the formu lae used to calculate evaporation
F ORMULA EQUAT ION COMMENT S
ARn + y (es-e)f(u )
PENMA N Ep =  POTENT IAL EVAPORAT ION
+
PE NMAN X CROP FACTOR Ea = Kc x Ep ACTUAL CRO P EVA PORAT ION
ARn + p Cp(es-e)/ra
PENMA N-MONTEITH Ea ACTUA L CRO P EVAPORAT ION
å + y(1 + rs/ra )
SH UTTLEWORTH -WALLACE Ea - Cc /14c + Cs W s ACTUAL EVAPORAT ION FROM
PLANTS AND SO IL
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TAB LE 5. Hourly summary of weather data produced by the automa tic weather
stations and microcomputer processing system
HOUR SOLAR NET DEP TEMP SP EED D IRN RA IN ASP BA T 8000
FROM WATT S/M *2 DEGS C M/S DEG MM VOL TS SCANS
00 .00  - 2 . - 5 . • .07 + 9 .1
0 1.00 - 4 . - 7 . •  .14  • 9 .6
02 .00 - 4 . - II. • .17 + 9 .7
03 .00 + 15 . - 0. • .20 • 9 .7
04 .00 • 70 . • 39 . + .4 1 + 10 .3
05 .80 • 252 . +188 . • .76 + 11.6
06 .00 • 290 . +2 19 . • 1.53 +13 .1
07 .00 + 375 . +283 . + 2 .04 + 14 .3
08 .00 • 53 1.  +407 .  + 2 .76 + 15 .5
09 .00 + 74 1. +569 . + 3 .63 + 16 .8
10 .00 + 368 . +265 . • 2 .85 + 15 .4
11.00 • 108 . + 6 1. • 1.52 + 12 .8
12 .00 • 4 1. + 19 . +  .50 + 11.8
13 .00  • 112 . + 72 . + 1.82 + 12 .1
14 .00 + 47 . •  23 . + .90 + 11.7
15 .00  + 14 . - 3 . +  .48 + 11.3
16 .00 - 3 . - 22 . + .38 + 11.1
17 .00 - 4 . - 22 . + .12 + 10 .2
18 .00 - 3 . -  11. + .09 + 10 .5
19 .00 - 2 .  - 11. +  .07 + 10 .6
20 .08 - 2 . - 12 . + .05 + 10 .4
2 1.00 - 2 . - 12 . •  .04 + 10 .2
22 .00 - 2 . - 10 . + .85 + 20 .3
23 .00 - 2 . - II. +  .06 + 10 .3
10 .52 7 .18 .83 11.6
DA ILY CALCULAT IONS BASED ON
24 HOURS OF DATA FOR 16 -APR - 1984
. 5 136 . .0 12 .63
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Figure 1. The green and dead area indices of barley and weeds at Tel Hadya
1983/84 season. Sowing (S) and harvest (H ) dates are also shown.
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Figure 2. Above ground dry matter production of barley at Tel Hadya 1983/84
season. Sowing (S), emergence (E) and harvest (H) dates are also
shown.
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Figure 3. (a) t ground cover of barley and (b) crop height at Tel Hadya
1983/84 season. Sowing (S) and harvest (H) dates are also 41
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PAN EVAPORAT I 0 N
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1983 1984
Figure 4. The variation in total crop evaporation during the 1983/84
season. Class A pan evaporation is also shown for comparison .
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Figure 6. The diurnal variation in sensible (H) and latent (E) heat fluxes
as measured by the Hydra on two days (a) before and (b) after
harvest. Concurrent values of net radiation (Re) and soil heat
flux (C) are also shown.
14 18 APRIL 198 4
12
0
- 2
- 3 8-
(Rn- G )
a .0 . 0 0 0 0 -0 - 0
( F104-»
0 6 12 15 18 21 24
LOC AL SOLAR TIME
Figure 7. A comparison of the cumulative flux of available energy (1211-G) with
the cumulative sum of the sensible and latent hea t fluxes (1-1 + E)
measu red by the Hydra on 18 April 1984 .
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HYDRA FLUX RECOVERY RATIOS ; SYRIA 1984
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Figure 8 . Daily values of the Hydra flux recovery ratio, (H + E)/(Rn - G),
obtained before and after harvest.
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Figure 9 . Predicted high frequency flux loss in (a) Unstable (z/L = - 1) and
(b) stable (z/L = + 1) conditions using the Hydra at a height of ID
3.45 m above a crop 0.53 m high. ID
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Figure 10 . A comparison of daily evaporation measured by the Hydra
(corrected for temperature drift and high frequency flux loss)
and evaporation deduced from the soil moisture balance .
Rainfall, class A pan and Penman potential evaporation are also
shown for comparison.
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Figure 11. A plot of the stomatal conductances of the adaxial and abaxial
surfaces of barley leaves. Data are from 28 March 1984 .
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Figure 13. The projected green area index of the ears, leaves and stems on
25 March 1984.
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Figure 15. A comparison of soil evaporation (a ) measured using a small soi l
lysimeter and (b) calculated from the change in soil moisture
content during May 1984 .
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Appendix IV.
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Figure 18. An example of the computer plotted weather data from 12 May
1984. In practice four different colou rs can be used (black ,
blue, red and green).
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Figure 19. Schematic diagram showing the arrangement of radiometers used to
measu re net radiation interception (not to scale ).
•
Above crop dome •
net radiometer
•
•
•
•
N •
•
Above c rop net
41
•
•
•
•
•
•
••
•
' O
•
_I
ao
10 cl
z 1 - o
•
t(.3
RR/ Rn
•:t
•
Li
cc 0•8
z
0
P
<
...--r r a - -e- -.
\ ye
Q 0 .6 /
\
• cc \I—
•
u.,
z 0.4
'  IIP 0
z
0 0 .21 0 It-
•
o
<
cc
•
u_ 0
6 9 12 15 18
• LOCAL SOLAR TIME
0
0
ID
ID Figure 20. The mean fraction of net radiation reaching the soil (12151/Rn)
during three cloudless days before harvest. (1, 5 and
6 May 1984).
•
•
•
•
•
•
•
•
-51-
Rn
13
-52-
NET RADIATION INTERCEPTION
SOIL
\ \
CROP ROWS
n fl
RS= Rn exP (-K L
w here, L is the leaf area index and
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Figure 21. Schematic representation of net radiation interception in a crop
with rows orientated East-West.
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Figu re 24 . Three examples of the diurnal change ln soil (a ) temperature and
ID (b) heat flux.
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INTRODUCTION
In common with most agricultural research stations the plots at Tel
Hadya are not of a size that would normally be considered adequate for
micrometeorological measurements. Although the maximum fetch, some 400 m,
would probably be thought sufficient; for wind directions other than along
the long length of the plot rectangle the fetch must become increasingly
marginal as the wind blows over shorter distances of the crop under study.
•
This note attempts to quantify the sampling error involved in the Hydra
ID
measurements by application of the recently developed effective fetch theory
(Gash, 1985). This theory, by treating water vapour as a passive contaminant
to the flow , applies diffusion equations to estimate the effect upwind sample
of a point evaporation measurement. The theo ry contains simplifying
assumptions , which have previously been estimated to result in errors of the
order of ±20 per cent in the calculated distances. The theory is also
411 restricted to conditions of neutral atmospheric stability (i.e., no
ID temperature gradient) and changes in
 surface roughness are not accounted
40
for. The results of this analysis should therefore be treated as an
approximate guide rather than accurate predictions.
lb
•
THEORETICAL BACKGROUND
The F per cent effective fetch is defined for an infinite fetch, as the
distance upwind of the point of measurement from which F per cent of the
ID water vapour molecules respons
ible for the measured flux are evaporated. The
derivation is too lengthy to be repeated here , but the result is given by the
relationship:
•
•
•
•
•
•
•
•
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41 9. APPEND IX  I. THEORETICAL ESTIMATES OF THE SAMPLING ERROR IN THE
X F
MICROMETEOROLOGICAL MEASUREMENTS AT TEL HADYA
ln(zm/z0 ) - 1 +  z o / z m
k In (F/100 )
von karman 's constant, taken as 0 .41
•xF = the F per cent effective fetch
zo - the roughness length
z m a the height of measurement above the zero plane
displacement.
(Al)
-58-
Suppose the fetch is not infinite, but that the distance beyond xF is
comprised of vegetation evaporating, not at the rate of the crop under study ,
E , but at a rate CE . Then if there is only negligible change in the
aerodynamic roughness of the surface at the interface, the fractional "error"
in the measurement resulting from having an inadequate fetch is given by
RESULTS
Emeas zm  (ln(zm/z0) - 1+zo/zm)/k2 xF
= C + (1 - C) e (A2)
where Emeas is the evaporation as measured by the instrument.
Equation (A1) has been evaluated for the following conditions :
zm  = 3.0 m, assuming an actual measurement height of 3.4 m above
ground and a zero plane displacement of 0 .4 m, approximately three
quarters of the crop height at maturity, 0 .55 m.
zo  J.,  0.055 m , assuming the roughness length is 10 per cent of the
crop height at maturity.
The results are shown in Figure (A1) as isopleths of F for both the
instruments at Tel liadya. This figure shows the sample the instruments wou ld
have if there were an infinite fetch of barley .
In practice as the fetch is limi ted we invoke Equation (A2), with the
assumption that the change in roughness at the edge of the plot can be
neglected. Table (A1) shows the result of evaluating Equation (A2) with the
same values of zm and zo as used previous ly, and for C = 1.2 or 0 .8
) 1 results in a positive error; C 4 1 a negative error). These values of
C are considered likely to be typical.
41
41
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4I
DISCUSSION
41
• It can  be  seen from Table (Al) that for w ind directions between 270P
through north to 30' for Hydra S and for 220' through south to 150' for Hydra41
IV,  the theory predicts a sampling error of less than 5 per cent, under the
41 conditions specified. An error of 9 per cent or less is obtained for all
41 wind directions from one or other instrument and a maximum error of 13 per
cent is estimated for the shortest fetch. The measurement error of the Hydra41
should be in the range 5 to 15 per cent. The sampling error for the 240'
II sector centred on the prevailing westerly wind direction shou ld therefore be
41 Less than the measurement error and probably can be considered negligible.
Some care should be taken in interpreting the results for sector from 30' to41
15(P .
•
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Table Al The change in fetch and error in evaporation with wind direction for the
two Hydras at Tel  Hadya.
Wind direction
(degrees)
Fetch over
barley
Error for
C=1.2 or 0.8
Hydra S Hydra N (m) (X)
270 270 410 z
290 250 436 2
310 230 311 3
330 210 231 4
350 190 203 5
10 170 203 5
30 150 180 5
50 130 117 7
70 110 96 9
90 90 90 9
110 70 96 9
130 50 78 10
150 30 58 12
170 10 51 13
190 350 51 13
210 330 58 12
230 310 65 11
250 290 146 6
270 270 410 2
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Figure a l.1 Isopleths of % effective fetch for the two instrument positions,
Hydra S and Hydra N, in the Tel Hadya ba rley field, 1984 .
wOB ( wo e )
T P =
2n t
a sin (--- )
a18 + b sin ( ---nt)
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10. APPENDIX II. "ARMA Constants : their conse uence on fre uenc
attenuation  in eddy correlation flux calculations and
flux contamination thro h correlated sensor drift
This note reports calculations with programs which simulate those
which are (or could be) carried out in the on-line Hyd ra software. They
follow the description given by Lloyd et.al. (1984), except in the case of
certain calculations made with a 'w prefilter'. In this case the vertical
windspeed, w , supplied to the standard set of flux calculations is obtained
from the observed vertical windspeed,  wo g ,  by the following procedure
where ( 1400 i  <w0 B)  1-1 (1-a)  wOB
The ARMA constant, a, is given in this and other calculations by the
expression
a exp (-4 t/T )
where A t is the 'coupling frequency ' used to input values to the
calculations and T is the time constant studied.
(i) Frequency Attenuation of Calculated Eddy Fluxes
Simulated inputs of vertical windspeed, temperature and (in effect)
humidity were created with the follow ing form
18 .5  f l  + c sin (2n t)j (Volts)
(AII.2 )
(AII.4)
(AII.5)
(AII.6)
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Here w  is vertical windspeed, Tp  is  temperature, V is the voltage given
Aby the hygrometer V Aq ), t is the time, and T the period of the
V
simulated oscillation. These inputs generate fluxes of sensible heat (H )
and latent heat (XE) when passed through the ARMA eddy correlation
analysis, and test the sensitivity of this analysis at a frequency which is
twice that of the basic inputs i.e. H a ( WT p ) (sin2w t)
1/2 (1 - cos 2wt). Calculations for a given value of T are providing
information on attenuation for fluxes with a period (T/2).
Calculations were made with samples made 601 times per hour and were
allowed to proceed for 10 hours. The average flux given over the last four
hours was used. (Note With low frequency inputs hourly average fluxes are
sometimes 'noisy ' from one hour to the next). The flux obtained in this
way was normalized by that calculated at high frequency (T 0 .5 min) to
obtain the flux attenuation as a function f, of the oscillation period
present in the artificial flux.
The results are shown in Figure AII.1(a) for sensible heat (H) and
latent heat (XE), and for two ARMA time constants 18 .25 and 6.25 minutes.
This illustrates that the ARMA eddy flux calculation provides fluxes with
an acceptance which does not fall off exponentially with a time constant T ,
(as expected by some Hydra users). The primary observations are
(a) The acceptance for latent and sensible heat are different (presumably
related to the fact that  we make  a 'double' ARMA in calculating latent
heat).
(b) The acceptance falls off much more slow ly than might be expected.
They fall to 37 per cent of their initial values in about 2.5  t  for
latent heat and 3.5 T for sensible heat.
(c) The form of the function is not a decaying exponential. The behaviour
down to f 0.5 is in fact quite well described by a 'Gaussian' of the
form
1 T 2)( - — (—)exp  
2 a
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(AII.7)
where a = 1.72  t  for XE (AII.8)
and a = 2.5  t  for H
These are the broken lines shown in figure AII.1(a). For longer periods
(lower frequency) flux contributions, the fall in F is much slower than
this and has a long 'tail' to low frequency. The presence of this tail
gives rise to drift generated flux contamination which is discussed in a
later section.
An interesting consequence of incorporating the 'w prefilter',
specified by equations AII.1 and AII.2, is that the acceptance functions
for sensible heat and latent heat become identical and virtually identical
to that for latent heat without a w prefilter. The resulting acceptance
functions are shown in Figure AII.1(b). The dotted lines are given by
equation AII.7 with a = 1.72 x .
(ii) Drift Contamination of Flux and Deviations
The experimental data obtained in Syria was extremely useful in
drawing attention to the very real possibility that fluxes and standard
deviations calculated using the on-line Hydra software can be contaminated
in the presence of correlated drifts in the sensors. The experimental
situation there is such that rather large drifts in the outputs of the
existing hygrometer and sonic anemometer are generated by the daily
temperature cycle, exacerbated by radiation loading on the sensors. In
this section we illustrate the problem using data drawn from one particular
day (9/5/84) and synthesize the low frequency response of the on-line
software using the measured variation in temperature and apparent affect in
vertical windspeed . A synthetic hygrometer response to temperature
variation is created using the assumption that the voltage output increases
by that one per cent per degree . Such a response is consistent with that
observed in the field, and is now confirmed in the environment chamber.
41
41
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41
Samples of these input functions were taken, one every minute, and
• calculations made using the standard Hydra software with different time
• constants, with and without a 'w prefilter' (viz Equations AII.1 and
AII.2). The input functions were linear interpolations between hourly mean41
values which were taken from the raw data, but were 'sharpened ' to take out
411 the effect of averaging (Appendix AII.1), and 'advanced' to compensate for
41 the ARMA induced delay. This dua l process ensures that the mean values
generated by the present ARMA analysis reproduces the mean values observed41
in the field. The resulting variations in temperature and vertical
41 windspeed are illustrated in Figures AII.2(a) and AII.2(b). Figure
41 AII.2(c) shows the synthetic 'F'
• function (F [
V
- 1] generated from the assumed relationship with
<V>
• temperature, with ARMA time constants of 18.75 and 6.25 minutes.
41
41
Figure AII.3(a) and AII.3(b) illustrate the synthetic or 'pseudo '
fluxes of latent and sensible heat gene rated on this day (9/5/84 ) as a
• result of this long.term sensor drift. Figure AII.3(c) and AII.3(d) show
•
the 'pseudo ' standard deviations in temperature and humidity. All
41
calculations in this figure are made using a time constant of 18.75
minutes , the value used in the field. The dotted lines in Figures AII.3(a)
• and ALI.3(b) illustrate the effect of including a 'w ' prefilter in the -
41 calculation.
41
Figure AII.4 illustrates the pseudo fluxes and standard deviation which
41 would have occurred had we used a time constant of 6.25 minutes in the
41 on-line calculations. There is an obvious and dramatic reduction in
41
contamination introduced by correlated sensor drifts with  a  shorter time
constant; including a 'w prefilter' essentially removes the flux
41 contamination altogether in this case.
41
(iii) Flux Contamination due to Sensor Correlation at Hi her Fre uenc
41
41 The previous section investigates flux contamination generated by
•
large cycles of long (daily ) duration, but the possibility exists that some
41
contamination of calculated fluxes may occur due to correlations in sensor
drift at higher frequencies. To investigate this we assume correlations
41 typical of those observed (in Syria) at the daily time scale also exist at
41 shorter time scales, and set
41
W = A + 0.025 T (m s-1)
. 8.5 (1 + 0.01 T ) (Volts)
T 0 .5 sin ( -2I--tt)
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(AII.10)
(AII.11)
We  pass these through an ana lysis identical to that described in section
(i), using a temperature input function
(AII.12)
and study the amount of 'pseudo ' flux generated as a function of the period
of input temperature cycle.
Calculations are made w ith an ARMA time constant of 18 .25 minutes.
The results are shown in Figures AII.5(a) and AII.5(b) for two situations:
the full line represents the response for sensors with no thermal inertia;
the dotted line for windspeed and humidity sensors with the thermal time
constants of 5 and 8 minutes respectively . In effect the calculated fluxes
are those which would be generated for a standard deviation in temperature
of 0 .351°C if all the temperature oscillations occurred with a particular
oscillation period T , or at a particular frequency (1/T ). The fluxes fall
off more slow ly than the acceptance function described in section (i)
because these 'pseudo ' fluxes occur at a frequency which is tw ice that of
the driving temperature oscillation.
The quantitative interpretation of Figure AII.5 is difficult because
we  have no real knowledge of the frequency distribution of the temperature
fluctuations . Clearly the presence of finite thermal time constants in
the sensors helps significantly , as would the reduction (or removal) of
temperature correlated drift in the vertical windspeed and humidity
sensors. The figure is more of a warning that a worry , but none-the-less
implies that  we  cannot rule out systematic shifts in measured fluxes in the
existing Syrian data, which are related to the standard deviation of
temperature. For aT = 0.35° C , the shift in sensible heat could be
+ 2  W m-2 (maximum + 4  W  m-2), and that in latent heat - 5  W m-2
(maximum - 15 W m-2). These sound small, but it should be remembered that
a mean daily latent heat flux of + 14  W  m-2 corresponds to an evaporation
of 0 .5 mm/d, about the evaporation rate we observed towards the end of the
season in Syria.
41
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Shortage of time means we have not been able to complete the analysis
41
of this effect with a shorter ARMA constant, but it is clear that reducing
41 the envelope of the full line curves in Figure AII.5 by a factor of three
41 will greatly improve the situation and reduce the pseudo fluxes generated ,
particularly for sensors with finite thermal time constants.
41
• (iv)  Concludi Remarks
41
41
This note is meant to generate discussion rather than reach firm
conclusions, but certain observations are apparent. Clearly , the
exploration of flux and standard deviation presented here, stimulated and
•
supported by the field observations made in Syria, strongly suggest the use
of as short a time constant in the ARMA analysis as possible. It does not
41
necessarily follow that T  = 6.25 min is the best choice in all situations ,
• and further parallel logg ing experiments with different time constants is
41 called for next year.
41 The inclusion of a 'w prefilter' in the Hydra program before flux
41 calculation has the effect of generating identical acceptance functions for
410 the sensible and latent heat fluxes, (which is a more elegant ), and
41
the practical effect of significantly improving the drift contamination
problems . At the same time we have not explored any negative
41 consequences. Parallel logging experiments with and without this feature
41 are also called for.
41 The hardware changes , presently in hand, to reduce
41 temperature/radiation correlated drift in the vertical windspeed and
41 humidity sensors should considerably improve the quality of measurements
41
given by the Hydra; but, on the basis of this report, a few fairly simple
changes in the Hydra software could be of equal or even greater benefit.
•
•
(Note. The program 'HYDRA-DRIFT ' through which we are presently passing
Hydra data attempts to correct for the effects in sections (ii) and (iii)
41
of this note. It synthesises and then subtracts 'pseudo fluxes ' generated
41 by long term drift (but using the measured values of F, rather than the
41 synthetic ones used here). It also provides two alternative corrections in
line with section (iii) viz.
41
• (H' I + 2  (aT/0.351)
• (XE ' kE 5 aT/0.551)
41 and ( H ' = H + 4 (dT/0 •357)
CXE ' = X E - 10 (aT /0.351)
r
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3 Yn+1 Yn-1
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n
-68-
The value of aT used in these is itself 'drift' corrected. In practice
the second correction is quite sma ll).
41
Appendix AII.1 
'Shar enin ' Measured Variations in T w and F
The process of calculating mean values smooths the apparent variations 40
in experimental values. We obviously cannot recreate the original function
wh ich gave rise to the observed hourly mean values, but it is possible to •
adjust the individual values so that linear interpolation between these 41
values, when passed through an averaging process recreates the observed 41
hourly mean values. Consider three successive hours w ith average values
y-n-1, yn
-
and y-n+1 and assume the input function which generated these was
41
a linear interpolation between the values yn-1, yn and yn+1 and assume the
input function which generated these was a linear interpolation between the
values yn- 1, yn and yn+1 thus:
y
n- 1, Y
n+1
Yn
-
- 1 0
The value of Ynis in this case given by
n
y
n+1 n n yn-1 Yn 
2 2  
2 2
Yn Yn+I Yn
+
Yn Yn- 1 Yn
+ — +
4 8 8 4 8 8
(AI I .13)
(AII.14)
(AII.15)
•
•
•
•
•
•
•
•
41
41
41 -69-
In principle we can calculate the 'sharpened ' set of yn from the
41
available values of Yn providing we have limiting values yo and yN,
41
41
using an iterative procedure. In practice we set y y and
and yN = YN using data on either side of the 24 hours of current interest
41
and iterate first forwards and then backwards using equation AII.15 until
• stability is achieved. In practice 3 double-iterations is enough . The
•
program looks like this:
41
1 150 0 F OR K = 1702 7 : 22( K ) =Z 1(K ) :N EX TK
41 1 150 2 F OR 1= 1703
115 10 F O R K =270 26 S 7E P 1
•
1 15 12 2 2( K ) =4 /3 *Z 1( K ) -2 2( K - 1 )/ 6 -2 2 ( K +1)/ 6
115 16 NE X T K
•
11520 F OR K =26 TO 2S TEP - I
1 1522 2 2( K )=4/ 3 4LZ 1( K ) -2 2( K - 1 )/6 -2 2 ( K .1 )/ 6
41 1 15 2 6 NE X TK
115 30 NE X T 1
41 1 1599 R ETU RN
41
I . Zl is the original array of hourly average values (w ith data on either side
41 of the 24 hours of interest) and Z2 is the 'sharpened ' values returned to
generate .the time series supplied to the ARMA analysis.
41
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Figure AII.1 (a) The attenuation of sensible (H) and latent heat (XF) fluxes
for two ARMA time constants, 18.25 and 6.25 minutes. The
dashed lines are Gaussian functions of the form of equation
AI1.7.
A11.1 and A11 .2.
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(b) As for (a ) but with the 'w prefilter' specified by equations 41
•
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Pseudo fluxes of (a) latent and (b) sensible heat as a
result of the long term sensor drifts (specified in Figure
AII.2) with a time constant T  18 . 2 5 mm. Pseudo standard
deviations in (c) temperature and (d ) humidity are also
shown.
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Psuedo fluxes of (a) latent and (b) sensible heat as a
result of the long-term sensor drift (specified in Figure
AII.2) with a time constant  t  6 .25 min. Pseudo standard
deviations in (c) temprature and (d) humidity are also
shown.
Figure AII.5
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generated as a function of the period of the input
temperature cycle with an ARM time constant of 18 .25
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II. APPEND IX III. ANALYSIS OF THE PRE UENCY RESPONSE OF THE HYDRA SYSTEM41
• INTRODUCTION
110
Measurement of the fluxes of sensible heat, latent heat and momentum
using the eddy correlation technique imposes certain requirements on the
sensors and on—line data acquisition and analysis system. In particular, the
40 complete eddy correlation system must be capab le of obtaining , and
40 subsequently analysing, signals corresponding to the whole frequency range of
atmospheric turbulence in the form of temperature, humidity and wind velocity
40 fluctuations.
•
In reality, no sensor or system can respond perfectly to all the
frequencies encountered in the atmosphere; in many cases other design criteria
reduce the frequency response of sensors to a point where significant
40 underestimation of fluxes can occur. Besides obvious characteristics such as
the sensor time constant, many other factors must be taken into account.
Those include sensor size, or path length; sensor separations; height of
exposure; windspeed and atmospheric stability . The frequency response of each
• of the components of the HYDRA system is described and quantified in sections
3 to 6 where each factor effecting the frequency responses is discussed and
quantified.
To determine the underestimation in measured fluxes ('flux loss') it is
necessary to know how the contribution of turbulence to transport of the
fluxes in the real atmosphere is distributed over frequency . Such cospectra
for sensible heat, latent heat, and momentum are described in section 2 where
we have nade great use of the data obtained in the Kansas Great Plain
•
experiment (of Kaima l et al., 1972).
Finally 'flux loss ' is estimated by convo luting the response functions
with the appropriate cospectra. Chapter 7 describes this process in more
detail and gives results for a number of particular situations.
• ATMOSPHERIC CO—SPECTRA
•
Although a large number of atmospheric spectra and co—spectra have been
reported in the literature, it is common to use those reported by Kaimal et
al. (1972) for modelling purposes. Even if these do not represent 'universal'
spectra, they are almost 'universally ' accepted as such. All the spectra
•
presented in this section are from Kaimal et a l. (1972).
•
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2.1 Co-s ectra for Sensible Heat Flux
2.1.1 Stable Conditions 
The W-T cospectra, SwT(f), for stable stratification is given by
fSwT (f) =
f : SwT (f) df =
Al(f/f0)
1 + 1.5 (f/f0)2•
where the frequency, f , is given by
fo = 0.23  (1-15  (1 + 6.4 z )0 '75
A/ = [
j co dx  
i ]0  1 + 1.5 x  4 "
2.1.2 Unstable Conditions
z/L > 0 (AIII.2.1)
z/L > 0
and u = windspeed , z = height above zero-plane displacement and L = Obukhov 's
length. The parameter A l is chosen such that
0.808
(A111.2.2)
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
The structure of the low frequency eddies in unstable conditions is not
well defined. As shown by Kaimal et al. (1972), the low frequency position of 41
the spectra and co-spectra will fall within an envelope defined by the two 41
spectral functions, S (f) and S (f) which represent the co-spectra for the
stability limits of Z/L - 2 and Z/L = 0 respectively .
Fitting functions to the curves given by Kaimal et al. (1972) gives for
the unstable bound
41
41
41
41
41
41
41
41
41
41
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41
A2 fn
• fn < 0.2
(1 + 32.26 fn)1.6
41
f S (f)
41
A3 fn
•
fn 0.2
•
(1  4.  3.8 fn)2.4
41
41
where fn = fz/u. Matching at En - 0.2 and a unity co-spectral integral
gives A2 = 20.208 and A3 = 3.156.
41
•
The neutral bound is given by
41
A4 fn
41 fn < 0 .2
(1 + 5.5 En)2.4
41
f St4T 0 .0337 A4 0 .2 < fn < 0.46 1 (AIII.2.4 )
41
• A5 En
fn 0.461
•
(1  4.  3.8 fn)2.4
41
41 With A4 = 6.673 and A5 - 5.538
41
2.2 Co-s ectra for Latent Heat Flux
41
•
Without any suitable co-spectra data available, it is assumed that the
41
co-spectral forms for sensible and latent heat fluxes are identical, and
equations (AIII.2.1) to (AIII.2.4) are used for the w-q co-spectra, Swq(f)
41
41 2.3 Co-s ectra for Momentum
41
2.3 .1 Stable Conditions 
41
41 The u-w co-spectrum, Snw(f), for stable stratification is given by
41
81(f/fo)  41 f.Suw(f) z/L > 0 (AIII.2.5)
2.11 + 1.5(1/f0)41
7.9 z)0 .75
fo = 0 .10 (11-) (1 + z/L > 0
Normalising the integral of the co-spectrum to unity also gives B1 = 0 .808
2.3.2 Unstable Conditions
As in section 2.1.2, it is found that u-w co-spectra in unstable
conditions fall w ithin an envelope defined by the spectral functions S (f)
and Bow (f), corresponding to the limits of the stability range z/L - 2 and
z/L = 0 respectively .
Fitting functions to the curves given by Kaimal et al. (1972) gives the
unstable bound as
f S (f) =
82 fn
(1 + 32.0 fn)2
83 fn
(1 + 9.6 fn)2.4
where matching at 0 .5 and unity integral gives 82 = 32.357 and 83 - 7.608.
The neutral bound is described by
84 fn
(1  4.  7.1 10 2.4
f  s liw (f) (2.7)
85 fn
(1 + 9.6 f )2.4
where 64 - 10.009 and 65 = 17.922.
- 7 8-
fn 0 .5
fn > 0 .5
En < 0 .5
fn > 0 .5
(A III.2.6)
(A 111.2.7)
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3. SENSOR RESPONSES
40
40 3.1 Tem erature Sensor
41
The temperature sensor used in the HYDRA system is a fast respone
41 Chromel-constantan (Ch-Co) thermocouple. In common with most temperature
41 sensors used in eddy correlation instrumentation, it behaves as a simple first
41 order system with response, H(f), and gain, G(f), functions system with
response , H(f), and gain, CM , functions given by
• H(f) = [1 + (A111.3.1)
= [ i (211f1 )2 ]-112 (A111.3.2)
41 where f - frequency (Hz) and T n time constant (secs).
40
3.1.1 Time constant 41
40 Consider a small length, 6 x, of the thermocouple, represented by a
40 cylinder of diameter, d, specific heat/unit volume, cv , and tempe rature, T.
40 A small gain of heat from the air, 6q, will produce a temperature rise in the
thermocouple , such that
40
41 5T
6 q  a n d. 6 x. h. (Ta - T) = nd2. 6 x. cv. —
4 5 t41
40 where h = coefficient for heat transfer between the thermocouple and the air
• at temperature Ta . This equation can be simplified and solved to give
41
•
T(t) = Ta + (T(o) - Ta)e-tit
41
dcv
40 where 4h (A111.3.3)
41
3.1.2 Heat Transfer Coefficient41
41 The heat transfer coefficient, h, can be described by
41
•
k Nu
•
- a- -
(A111.3.4)
where k = thermal conductivity of air, and Nu is the Nusselt number.
Expressions for the Nusselt number for heat transfer between cylinders and air
have been developed for various ranges of the Reynold's number, Re - ud/v
where u = windspeed and v - kinematic viscosity of air. The expression
Nu = 0 .24 + 0.56 (Re)
0 .45
(Duchan, 1964) is suitable for the range of Reynolds numbers encountered by a
fine wire thermocouple in the atmosphere.
Combining equations (AIII.3.3) and (AIII.3.5) therefore gives
cv d2
4k [0 .24 + 0 .56 (ud/v )0 45]
3.1.3 Numerical Values 
If u has units [m sec-1] and d has [m] then equation (26) becomes
tT
3.2 Humidity Sensor 
0.47 x 106 d2
0.0029 + (ud )" 45
-8 0-
Re < 44
with association gain function, GT(f), given by equation (3.2). If d is
specified in thou [inches], remember that d[m] E 25.4 x 10-6 d [thou].
(AIII.3.7)
The humidity sensor used in the HYDRA system is a single-beam infra-red
hygrometer (Hyson and Hicks, 1974; Moore, 1983). The high frequency limit of
the 'sensor' is only limited by the chopping of the infra-red light beam, and
41
41
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this is typically about 300 Hz. In practice, the signal from the sensor
passes through electronic circuits which includes low-pass filters that smooth
41 the pulse-like signal and remove signals at frequencies above the Nyquist
• frequency that might cause aliasing problems . Such a low-pass filter
•
effectively defines the high frequency response of the humidity sensor.
41 3.2.1 Low- ass Electronic Filter
41
41 The low-pass filter used in the output stage of the humidity sensor is
shown in Fig. Ala .!. Analysis shows that such a circuit has a response
41 function given by
41
• H(f) .
1 (A III.3.8)
fI  - (1 )2 + 2  C i (— )
• fo fo
41
and a gain function ,
41
41 f 2 2 (AIII.3.9)G(f) [(1 - (_0 ) 4 c2 (1)2]- 1/2
•
10 fo
41
, R2C2 1/2 R1C2 1/2,
•
Where fo = [4n2R1R2C 1C2]-1/2 and  C
1
—  t ( ) + ( ) J .
2 R 1C1 R2C 1
41
• The damping factor  C  is chosen to be 'critical', such that  C 2- 11'2. Also ,
•
it is common practice to simplify calculation by setting R I = R2 . This leads
to CI 2C2, a requirement that can only be approximately satisfied in41
•
practice. If C 1 = (C2/C 1)1/2 then fo = (2a C 1 RC 11 1 .
41
3.2.2 Numerical Values 
41
41 The circuit has component values
41
R1
•
R2 = 220 Ka
41
• CI = 100 nF 10 x 10-8 F
41
C2 47 nF = 47 x 10-8 F41
41
Thus  C I  - 0.6855 and fog 10.55  Hz  and the gain, using equation (All1.3.9) is
G (f) [ (1 - ( f )2 )2 + 1.88
3.3 Vertical Wind Velocit Sensor
The HYDRA incorporates a sonic anemometer developed at the Institute of
Hydrology (Shuttleworth et al., 1982) for measuring the vertical wind velocity
component. High frequency measurements using this sensor is limited by the
switching frequency , about 40  Hz ,  between each transducer transmitting and
receiving . As in the case of the infra-red hygrometer, however, the signal is
passed through a low-pass filter to remove the switching frequency components
of the signal, and which effectively defines the high-frequency response of
the sensor.
3.3.1 Low- ass Electronic Filter
The low-pass filter used in the output stage of the vertical wind
velocity sensor is identical to that shown in Fig . AIII.1, and has frequency
response identical to that described in section 2.2.1.
3.3.2 Numerical Values
For the sonic anemometer, the circuit has component values,
RI R2 - 100 kL2
C I = 0 .22 x 10-6 F
0 2 a 0.1 x 10-6 F
-82 -
foci fog
Thus  C I  - 0 .6742 and fow = 10.73  Hz  and the gain is
2
G (f) . [(I - (
f
_.)2) + 1.82 ( f
--- )2]-1/2
fow ow
(AlIC.3.10)
(AIII.3.11)
41
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3.4 Horizontal Wind Velocit Sensor
41
41 The horizontal wind velocity sensor used in the earlier HYDRA . system was
41 a Gill helicaid propeller anemometer pair, mounted at 912 to each other, and
exposed such that the bi—secting angle corresponded to the mean wind direction
41 whenever possible. The Gill propeller anemometer response can be described by
41 a simple first—order system with frequency response and gain functions given
by equations (AIII.3.1) and (AIII.3.2) respectively .41
• 3.4 .1 Time Constant 
41
41 Rather than a simple time constant, the response of the Gill anemometer
is specified by a response length , L, which is independent of windspeed , but
41 which depends on angle of attack , 0 , between the wind vector and the shaft of
41 the anemometer. The time constant, T , is related to response length as
•
L(8 )  a  La(8 )
• u cos 0
41
41 where La is response length referred to the axial velocity component.
Hicks (1972) and others have shown from wind tunnel experiments that41
•
La(0 ) = La(o )cos1/2 0
41 giving
41
= La(o )/u cos1120 (A 1113.12)
41
41 Brook (1977) combined the response of two orthogonally mounted anemometers and
showed that
•
41  Tu  
1 4 4 1.19
•
La(0)
41
with the upper limit corresponding to wind approaching both anemometers at
• 45:), the preferred orientation in the case of the HYDRA system. Since it also
41 represents a 'worst case ', the time constant used in the gain equation (A111.3.2)
for the Gill anemometer pair is therfore
41
41 T a  a 1.19 La(0)/1 (A411.3.13)
41
41
La(o), the response length when the wind is blowing along the anemometer
shaft has a value La(o ) = 1.0 m. The gain function, Gu(f), is then given by
G (f) [ i + (2n ftu)2]- 1/2
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4. SENSOR LINE AVERAGING
4.1 Line Avera in a Scalar
ID
Expressions for the effect of line averag ing a scalar quantity such as
temperature or humidity have been given by Gurvich (1962) and Silverman (1968 )
ID as a spectrum transfer function T(f) saa (f)/S aa (f) where Saa and Saa
represent measured and actual spectra of quantity a . Silverman (1968) gives
ID
5/r (4/3) I(C ,O ) T(C ,8) = (A ll1.4.1)ID 6r (11/6)0 12 C sin0
ID
•
— - cos()
and I(C ,O)  ° f + r ig
]2)473
(
sin x
)2 dx,
•
sin()
where the normalized frequency = fs/u, s = path length and 0 - angle between
• the wind vector and the axis of the path.
4 .1.1 Line Avera in of the Hygrometer
• In the earlier versions of the HYDRA , the hygrometer path was horizontal
to the ground, which meant that the mean wind vector could have an angle from
40 (P  to 360p to the path axis. In later versions, with a vertical path, the
angle between wind vector and path axis is always close to 903 . Given that,
ID in the earlier versions, the probability that the average of 0 was closer to
•
9(P than  (33  or 3619 , the form of equation (AIII.4.1) with 0 - 912
(corresponding to the Gurvich function) was adopted to describe the hygrometer
line average.
This function T(C , n /2) is shown in Fig. AIII.2 together with simplified ,
fitted functions. These allow the effective gain function
G/q(C ) = T1/2 (C ,n/2) to be described byID
(1 + -1/2 4 0 .21
I I
0 Glq(C ) (AIII.4 .2)
C
0 03211/2
[ 0 .569
+ 0 .452
.
• c  ) 0.2 1
11
4 .2 Line Avera in of Vector Wind
Glw( )
[1 +
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Line averaging by sonic anemometers has been described by Kaimal et al.
(1968) and Horst (1973). They both derive th e spectral transfer function
Tp(C ) for the p-wind velocity component from
srsin(k . /2) 2L  — ] opp(k) dk2dk3kTo(2n ) .s/2 (A111.4.3)
f fw  0" (k) dk2 dk3
where On is the spectral density tensor. For further details, see the above
references.
4.2.1 Line Avera ing of the Sonic Anemometer
In the HYDRA , the vertical wind velocity component is measured with a
single path sonic anemometer designed at the Institute of Hydrology
(Shuttleworth et al., 1982). The spectral transfer function T3 (C) ,  = fs/u
where s is the path length, has been obtained from equation (AIII.4 .3) (Kaimal
et al., 1968; Horst, 1973 and is shown plotted in Fig. AIII.3, together with
fitted functions.
The effective gain G(C ) = T3
1/2 (C )  for the vertical sonic anemometer due
to line averaging can be described by
< 0.25
[0 .465 - 0 .297 In 0 1/2 0 .25
where = fsiw/u and szw = length of the sonic path.
4 .2 .2 Line Ave raging of the Gill Anemometers
Although Gill propellor anemometers do not measure wind ve locity over a
path, some averaging must occur over the scale of eddies in the order of the
size of their propellors. Also separation of the propellers measuring up and
ug (from which the horizontal, u , and transverse wind component, v, are
calculated) has an important effect on the spectral transfer function.
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40
Analysis should include both effects, as shown by Kaimal et al. (1968) but
this is very complex and, at present, there is nothing published for the case
of two orthoganol Gill anemometers. For the moment, it is assumed that the
•
effect of line averaging by each Gill anemometer can be described by Gxu( ) to
•
to a sufficient accuracy, where Glu( ) is given by equation (AIII.4 .4) with
f s /u, where slu is the propeller diameter. The effect of separation
40
is given in Section 5.3.3.
411
•
•
•
•
11
41
ID
ID
ID
40
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5. SENSOR SEPARATION
In general, the effect of sensor separation cannot be treated in the same
way as line averaging, described in section 4. Except when considering the
wind components derived from separated sensors (et Kaimal et al., 1968), the
effect of sensor separation of less than say,  1  m, on spectra is nil since the
atmosphere is generally specially homogeneous at such small wavelengths.
However, separation of sensor a from sensor  0  will effect the cross—spectrum
Cap(f) in a way which will depend on the wind direction.
Consider the case when two identical sensors measure the same quantity a
or a ' at points A and A ' in space while  a  third sensor measures quantity  0  at
point A . A co—spectral transfer function Taa t could be defined such that
Scc s  = Tact, (f ). rao (Sa Spo )112
where Sa to is the co—spectrum of  a '  and p,Sa ga ' and S0 0  are the spectra of a '
and  0  respectively. The correlation coefficient rap is defined by
Sao rap(Saa Sop )
Since Saa Sa la ' then
Taa q " = Sa T0 /Sa0 = Sa 'a /Saa
No te that coherency Coh(f) is usually defined as
IC0 (0 12
Cohao (f)
Saa sop
T = Coh 1/2(f)
cta ' aa '
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2 2S 0 + OP_a u p
Saa spp
(AIII.5.1)
(61II.5.2)
If the quadrature spectrum, qao ,  of  a  and  0  is negligible compared to the
co—spectrum Sao , then it follows that
(AIII.5.3)
•
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5.1 Lateral Se aration
41
41 Since the effect of sensor separation on the fluxes of sensible and
latent h eats and momentum can be ascribed to a trans lation of the vertical
w ind velocity , w , sensor, it is therefore only necessary to consider this
411 component. Both Irwin (1979) and Kristensen and Jensen (1979) present an
analysis of lateral coherence (i.e. separation of points A and A '
ID perpendicular to the mean wind) of wind velocity components in ,isotropic
turbulence. Using different approaches they imply that
41  21/6Tww,(0 = [ 2g ]516 K5/6 (2g ) (A1IC.5.4)
•
r(5/6)
where = fs/u as before and K516 is a modified Bessel function of the second
• kind. Using the table of weighted Bessel functions in Irwin (1979),  Tww 0( )
•
was plotted as shown in Fig. AIII.4 , together with a fitted function
ID approximating Tww 1( ), and given by
Tww,(0  = e-9 .90 .5 (AIII.5.5)
• 5.2 Lon itudinal Se aration
•
ID Providing that s/u is small compared to the mean eddy lifetime, then
separation of sensors in the direction of the mean wind will introduce a phase
shift related to s/u in the' cross-spectrum. As shown by Kristensen and Jensen
ID (1979), the cross-spectrum becomes
11
ca,o(f) e-2n ifs1u  cao (f) (AIII.5 .6)
11 but in this case, the coherency is not effected (increase in quadrature is
41 balanced by decrease in co-spectra) and equation (AIII.5.3) is not useful.
Howeve r by expanding equation (AIII.5.6) it follows that
sa Qa
T
ap (f) cos(2n fs/u) + sin(2n fs/u )  P(f) 
• scto sao  f
•
Assuming that the quadrature is small, a first approximation (et Hicks, 1972)
may be
Ta 0 ( 0 a cos(2n ) , fs/u (AIII.5.8 )
and this is also shown plotted in Fig.AIII.3. However, as cos(2x ) decreases
to zero it would be expected that the quadrature term in equation (AILI.2.5)
must become significant, and equation (AIII.2.6 ) would no longer be valid.
Inspection of Fig. AIII.4 , indicates that the lateral co-spectral
transfer function and equation (AIII.2.6) are not significantly different with
both losing about the same 50% "cut-off" frequency. For the purpose of
investigating flux loss from the HYDRA system, this suggests that equation
(AIII.5.4), via equation (AIII.5.5) would be sufficiently accurate for
longitudinal separations, although it is recognized that a small over-estimate
in flux loss may result. Also, adopting the one expression for longitudinal
and lateral separation simp lifies analysis of flux loss, since it is then
independent of wind direction .
5.3 Se aration of S ecific Sensors
5.3.1 Sensible Heat Measurements
5.3.2 Latent Heat Measurements
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If S a  SwT , the separation of the thermometer and centre of the vertical
sonic anemome ter path, then the co-spectral transfer function for sensible
heat measurements can be obtained from equation (ALII.5.5) and written
TH (C )  exp[- 9 .90 .5] , = f SwT /u (AIII.5.9)
In this case, let S = Su the separation of the mid points of the
hyg rometer and sonic anemometer paths. The co-spectral transfer function for
latent heat measurements is then
TE(0 = ex14 - 9.9 & " 5] , & f SQT/u (AII1.5.10)
0
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41
41 5.3.3 Momentum Measurements
41
As mentioned in section 4.2.2, the effect on momentum flux measurements
41 due to propeller separation in the Gill anemometer pair cannot easily be
40 determined accurately . If up , vA and lag , vEi are the instantaneous, wind
41 velocity components incident or propeller A and B respectively , as shown in
41
Fig AIII.5, then it can be shown (cf Kaimal et al., 1968) that the measured
wind velocity components are
41
•
um = 1/2 (up  + LIB + vg - vA)
41
41
vm  c  1/2 (vp + + ug - up)
41 It fo llows that measurem,ent of shear stress, u 'w ', by correlating the
41 vertical wind velocity component, w, with the horizontal wind velocity
component um obtained from the propeller anemometer pair has components given41
by
41
• u 'w ' - 1/2 (ukw ' + + vi3w ' - vkw l (AIII.5.11)
41
40 In terms of co-spectra this can be written
40 sue,  . 1/2 [SmAw + Sm8w + Svilw - SvAw]
41
• 1/2 (TwwA + Twwid  Svw + 1/2 (Tww13 - TwwA) Svw
41
40 or if the net co-spectral transfer function is Tm, then
41
Tm  c  1/2 (TwwA + T1w8) (AIII.5.12)
41
41 It is a reasonable assumption that the term (Tww13 - TW A)Svw can be
41 neglected. Tm therefore reduces to a simple average of the transfer functions
41 between the w-sensor and each propeller. If  s wp  and  swE  are the respective
40 distances then
41
1.5 .Tm(f) 1 51/2(exp(- 9.9 & I ) + exp (- 9.9  ) ] (AIII.5.13)41
40
where & I = fSwA/u and & 2  c  fS/a /u.
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6. FREQUENCY RESPONSE OF DATA ACQUISITION AND ANALYSIS SYSTEM
6.1 Discrete Sampling 
A signal representing the discrete sampling of a continuous time series
x(t) can be regarded as the product of x(t) and a train of delta functions
d (t-nA ), where A is the time interval between samples. The frequency response
function Gs(f) resulting from sampling can therefore be given by
A  r  x(t) tl(t-nA )e-2niftdt
Gs(f)
x(t)e-2zift
The solution (Jenkins and Watts, 1969) is
f 4 1/2A
Gs(f) (AIII.6.1)
f > 1/2A
6.2 Signal Averaging
The reason that it is usual to take time averages of atmospheric
turbulent quantities rather than spatial averages, is a result of measurements
being obtained at a fixed point in space, and reflected as a time series.
However, as far as atmospheric physical processes are concerned it is
operations in space that are more appropriate - it is through various length
scales that turbulence is best described. The use of Taylor's hypothesis,
x = ut allows transformation from spatial to temporal scales to be made, and
although this generally works well, it is only an approximation.
Therefore consider first, the spatial average of an atmospheric quantity ,
s, at any given moment, t. If a tilde (-) represents a spatial average then
we can define
g(t)  c  1/2  fit; s(x,t)dx
where s is averaged along a horizontal line between points x = 0 and x = L and
parallel to the mean wind direction. If the mean wind speed over x = 0 to
x = L is a then a parcel of air will take a time L/ii to travel the
4I
ID
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ID
ID distance L . Therefore an equivalent time average, represented by an over bar
• ), to s(t) would be 1.(t+T), obtained, say, by a sensor fixed at x - L.
•
The spatial average of s a small instant, 6 t, later can be given by
•
ID 6 tg(t + [å(t) - s(L ,t)] + a 6 t s(O ,t+15t)
• The equivalent time average immediately follow s thus ,
•
•
S ( I I ° [ S ( I T )- E s(14,0 ) + s(L, t + I a t )6 t
•
ID This equation can be reduced to a discrete form. If si+1 represents s at an
instant i + I a t + I 4- 6 t and si represents s at an instant i t + I then
40
ID
61+1 = (si -a Si-k) + a Si+I (AIII.6.2)
• where a = 6t/T and k T /6 t.
•
6 .2.1 Recursive Low Pass Filter
ID
Equation (A1II.6 .2) represents a temporal process that corresponds to a
•
linear unweighted spatial average of some atmospheric quantity s. It has the
form of a simple digital recursive low-pass filter,
ID
•
si - a si-1 + (I-a )si (AIII.6.3)
•
ID if a = (1 -  a )  and si-k/si = 1. Provided that the turbulent intensity of s,
•
s(asfs'), is small then the second condition can approximate ly be met. The
response function of such  a  filter is given (et Jenk ins and Watts, 1969 ) by
•
• H (f) =  I-a (AIII.6.4)
I - a e-2n itA
•
• and gain
•
1 - a
• Gdx(f) (AIII.6.5)
(I + a2 - 2a cos 2n få )
If fo is the 3dB cut-off frequency and T = ( 21t f 0 1 1 is the associated time
constant then the parameter a has the value
6.2.2 Recursive High Pass Filter
In obtaining fluctuation signals for eddy correlation analysis, it is
more usual to extract the mean component of each signal. Thus, if s' = s - g
then from equation (AIII.6.3)
Si - Si - §i
a (S - S
1- 1
) + a S '
i-1
(AIII.6 .6)
This has the frequency response function
a(1 - e-2a ifA )
Hdh = Hdl (A III.6 .7)
1 - ae-2n ifA
with a gain of
A A 2
1 - - + 1/2 (--) if T > > A .
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A 2 A A
2 - cos - - (cos - - 4 cos - + 3)
1/2
Gdh = a
r 2(1 - cos 2n fA ) )1/2
L (AIII.6 .8)1 + a - 2a cos 2n fA
Note that because of limited precision of some computers, for small
fA(( 10-5 , say) equation (AIII.6.8) should be ca lculated using
rl ,
=
1-a
`
)2)- 1_ x2 2n fAa
Gdh = x (AIII.6 .9)
a 2n fA a  - 7 7 7 9- 1-a
If the time constant T ) ) A then the parameter a is given by
a = 1 - A + 3 CA_ )2
2
7.1 Sensible Heat Flux
Here
ESTIMATION OF MEASUREMENT ERRORS
AH
1
GT(f,TT )
T S (f) df
o 1 wT 
 
f :  S (f) df
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The w-T co-spectrum , S (f) was defined in section (2). By convoluting
this co-spectrum with the net system co-spectral transfer function , T 1, an
estimate of the sensible heat flux loss, AH , due to frequency response can be
determined from
where H is the actual sensible heat flux. This equation can be reduced to
AH
= 1  - f :  T1 SwT(f) df (AIII.7.1)
Fl
If the co-spectrum is suitable normalized, as shown in Section 2.1.1.
The transfer function, T 1, consists oif the following factors;
TI(f) = GT(f, TT ). Gw(f, fow). Giw (f sow /u ).
TH(f ,swT/u). Gs(f,A ).  OcHl(f,a) (AIII.7.2)
- the rmocouple gain; TT - time constant.
Gw(f,f0w) = Sonic anemometer output filter gain; fow = cut-off
frequency
Giw(f slw/u) = Line average 'gain ' of the sonic path of length slw .
TH (f swT /u) = Sensor separation transfer function for w and T , and
swT is separation distance.
Gs(f , A ) response due to discrete sampling; A = sampling interval.
7.2 Latent Heat Flux
Here,
kE
Gdh(f, a)
A XE
- 1  - f :  T2 s (f) df
time constant.
-96-
The latent heat flux loss, AX E , due to frequency response can be
determined using an expression similar to equation (A .III.1), viz
(AIII.7.3)
where kE = actual latent heat flux, S (f) - w-q co-spectrum , which in
practice is assumed identical to SwT (f), and T2 is the net co-spectral
transfer function, composed of the following factors;
T2(f) ° Gg(f, fog ). Gw (f, fow ). Gig(f sIg/u).
Glw (f sew/u ). TE(f swg/u ). Gs(f, A ). Gih(f, a) (A111.7.4)
Gg(f, fog ) = gain of hygrometer output filter; fog = cut-off frequency .
Gw (f, fow ) - gain of sonic anemometer output filter; fog = cut-off
Gjg(f szg/u) = line average 'gain' of the hygrometer path of length sIg
Gjw (f szw/u ) = line average 'gain' of the sonic path of length slw .
T (f swg/u) = sensor separation transfer function for w and q , and swg in
the separation distance.
Gs(f, A ) = response due to discrete sampling ; A = sampling interval
e
•
•
Gdh(f, a) = effective high-pass gain of the digital filter; a is II
related to the time constant. II
•
•
•
0
410
0
II
II
II
0
0
•
•
0
II
0
0
0
II
•
•
•
•
•
•
= effective high pass gain of the digital filter; a is related to 0
•
•
•
41
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•
7.3 Momentum Flux 
11 The momentum flux loss, A (u*2 ), expressed in terms of friction velocity ,
u*, due to frequency response can be determined using an expression similar to
•
equation (AIII.7.1), viz
ID A (u*2 )
- I  - f :  T3 Suw (f) df (AIII.7.5)
ID
where u*2 is the actual momentum flux , Suw(f) is the momentum co-spectrum an
ID T3 is the net system transfer function consisting of the following factors;
•
T3(f) Gw(f , fsw ). Glw f slw /u ). Gu(f, La ).
ID
411
Giu(f sis/u). Tm (f(suat +  5wg)/2u).
• Gs(f$ 6 ). G2dh(f, a) (AIII.7.6)
ID
HereID
11 Gw(f, foo = gain of sonic anemometer output filter; fsw = cut-off
ID frequency
40
Glw(f sew/m) = line average 'gain ' of the sonic anemometer path of lengthID
slw
Gu(f, La) = Propeller anemometer gain; La = axial response length.
ID
411 Gia(f siu/u) a Effective line average 'gain' due to diameter, slu, of the
propellers.
411 Tm(fSwA + Sw0 /2u) = Sensor separation response function for w and u.
ID
410 (SwA and Swg are the W - propellor A and w - propellor B separation
40 distances respectively).
• Gs(f, A ) = Response due to discrete sampling; A = sampling interval.
411
•
Gdh(f, a) = coeffective high pass gain of the digital filter; is
related to time constant.
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Figure AIII.1 Circuit diagram of the low pass active filter typically used
for the removal of high frequency noise from sensor signals.
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Figure AIII.2 Spectral transfer function , T , associated with the measurement
41 of a scalar quantity averaged over a finite path length, shown
41 as a solid curve plotted against normalized frequency =
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fs/u. Fitted functions approximating this curve are also
shown.
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1 10
Figure A111.3 Spectral transfer function, 13 , associated with the
measurement of vertical wind velocity averaged over a finite
path length, shown as a solid curve plotted against normalized
frequency fs/u . Fitted functions approximating this curve
are also shown.
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Figure ALII.4 Cospectral transfer function T associated with the
ID
measurement of vertical wind ve locity component at two
• positions separated laterally to the mean wind flow by a
distance s, as shown by the so lid curve plotted against
normalized frequency fs/u. Fitted functions approximating
this curve are also shown.
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W- sensor
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450
sA = (vA - vA)
sB  - 7  (vB 0B)
1
um (SA +  SO
i2
1
vm — (SE - SA )
2
A
Measured wind speed um and vm given by
1  f ,
Thus um Lkup + ug) (vB vA)]
2
and vm  =
1 [(0A 00  (08 -uA)]
2
Figure A111.5 Schematic of the wind vector components incident on two
horizontal propellor anemometers (A and B) mounted
orthogonally into the mean wind flow . Derivation of the
measured wind components is shown.
-105-
12.  Appendix IV : EVAPORATION PROM SPARSE CROPS  - AN
ENERGY COMBINATION THEORY*
by
W. James Shuttleworth and J .S. Wallace
(Institute of Hydrology, Wallingford, Oxon., U .K .)
*To be published separately in the Quarterly Journal of the Royal
Meteorological Society (Ju ly 1985).
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SUMMARY
A one d imensional model is adopted to describe the energy
partition o f sparse crops. Theoretical development of this
mode l yields a combination equa tion which describes evapora-
tion in terms o f controlling resistances associated with the
plan ts , and w ith the soil or wa ter in wh ich they are growing .
The equation provides a simp le but physically plausible descrip-
tion o f the transition between bare substrate and a closed
canopy . A lthough the aerodynamic transfer resistances for
incomplete canopies have , as yet , no experimenta l justifica-
tion , typical va lues , approp riate to a specimen agricultura l
crop and soil, are shown to have limited sensitivity in the
mode l. Processes wh ich require further study if the equation
is to be used to calculate evapo ration throughout a crop
season are also discussed .
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
41
•
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41
41
• INTRODUCT ION
41
41
Previous steps in the development o f a physically based model
• oE the vegetation-atmosphere interaction (e .g . Shuttleworth , 1976 ;
•
1978) explicitly treat the vegetation as a closed , stab le canopy o f
unifo rm struc ture . They emphasize the interadtion of the vege-
tation , with fluxes arising at the soil surface introduced as an
• unspecified , and implicitly small , input to the model (Shuttleworth ,
•
1979). In this paper this theoretica l work is reinterpreted and
developed into the situation of sparse crops , where the use of a one-
dimensiona l model has less obvious justification . In desc rib ing
41 such crops the soil and plant components must carry eq ua l status ,
41 since they can be of simila r size and their re lative impo rtance
can change significantly with crop cove r .
41
• The ph ilosophy of this pape r is to make m inimum concession to
41 the more obvious three dimensional structure -of sparse and row
crops . Accord ing ly a one dimensiona l model o f the interaction is
41
adopted to derive a combination equation , which can provide a
• physically p lausible transition between the bare substrate and closed
41 canopy limits . The equation is expressed in te rms of conceptua l
resistances now familiar to the mi crometeorologist and plant physio-
logist , canopy resistance and boundary layer resistance etc ; it also
41 requires the less familiar concept of a surface resistance for bare
•
soil (Monteith , 198 1). In the later sections o f the paper typical
41
values o f these resistances are used to illustrate how energy partition
varies between crops o f the same height , but with different lea f
41 area s .
41
0
41
41
41
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THE ONE D IMENS IONAL MODEL
The prob lem o f sparse crops is approac hed using the know ledge
tha t the two asymp totic limits (bare substrate and a c losed canopy )
can bo th be represented by a one dimensional mode l. Moreover it is
acknowledged that, in describing the closed canopy situation , models
wh ich represent the canopy inte raction as occurring .as a sing le
source (Monteith , 1965 ) have increasing acceptance . Such models
represent a practical comprom ise between physica l rigour and field
app lication . The basic assumption , that there is numer ical similarity
between bulk stomatal resistance and an integration of component
stoma tal resistances in dry conditions (Monteith , 1965) , has been
tested experimenta lly (Black et .al., 1970 ; Szeicz et.al., 1973;
Tan and Black , 1976), numerica lly (S inclair et.al ., 197 1) and
explored theo retica lly (Shuttleworth , 1976) .
Imp licit in this successfu l assumption is the idea that the
rea l three d imensional nature o f a crop can be igno red in terms of
its practica l consequences . It is also assumed that aerodaynamic
mixing w ith in the crop is sufficien tly good to allow the hyp othetical
ex istence of a 'mean canopy airstream ' (Thom , 1972) wh ich can be
described by meteo ro logical param eters such as temperature , hum idity
and windspeed . These assumptions are necessary if progress is to be
made towards prov iding a description which is general (in the sense
that it is no t merely a description o f a particular crop at a parti-
cular time). Previous models based on these assumptions have been
propo sed and tested (Black et .al., 1970; Sze icz et .al., 1973) even
in closed canopies , where the aerodynamic interaction w ithin the
canopy is m in im ized .
The degree o f aerodynamic mix ing in sparse and row structured
crops is likely to be greater than that in c losed canopies. Adopting
the Monte ith assumption for such crops is therefore arguably more
p lausible in terms o f m ixing in the vertica l . It does however require
a reconsideration o f the scale re levant to the horizontal averaging
process, and w ill invo lve additiona l uncerta inty regard ing the
consequences o f persistent features within the ae rodynamic mixing
pattern in the horizonta l plane (see , for examp le , Ark in and Perrier,
1974 ).
10
•
-109-
•
ID
ID Any one dimensional description assumes ho rizonta l un iformity ,
but in practise recogn isab le three-dimensiona l features o f the crop
(ind ividual plants and rows , and persistent aerodynamic mixing41
features) are always present . If a description o f the Monte ith
• type is to be used it is necessary that the e lements o f which the
model is composed (e .g . energy fluxes , stoma ta l resistance etc )
are defined as ho rizontal averages over area scales in wh ich per-
il
sistent features occur in sufficient numbers to allow such averag-
e ing . A one dimensiona l description is clearly no t relevant to
41 horizontal sca les less than this .
In this study a simple two component structure is maintained
and energy partition treated as occurring at 'the crop ' and 'the soil'.
•
Th is simplification appears particularly arbitrary in the case o f
41
row crops since it involves , for instance , no d istinction between so il
beneath the vegetation and that between the row s . The presence o f a
ID defined three dimens ional structure clearly cannot be tota lly ignored
in certain aspects o f the interaction . For example, in the case o f
410 interception o f solar radiation , row orientation may affect the
effective abso rption coefficient relevant at the scale of the ho rizonta l
averaging . The diurnal cyc le in so lar altitud e reduces the distinction
ID between the daily tota l ab sorption by such organized structures and
that of randomly distributed spa rse vegetation . None-the-less , theID
realistic philosophy in dealing with row crops is to treat separately
such aspects o f the prob lem , but then to return to an averaging scale
ID over which a one dimensiona l model is assumed to apply .
ID
The model adopted and developed in this paper is illustrated
ID in Figure 1. It inco rpo rates the now familiar concept o f a bulk
.stomatal resistance for the vegetation , rc , but also the less
familiar concept of  a  surface resistance at the subst rate surface , rs.
40
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The physica l orig in o f this surface resistance is less obvious
for soil than it is fo r vegetation but its mathematical definition
is precise . Its presence reflects the fac t that the layer of air
ad jacent to the so il surface is no t necessa rily saturated unless
the soil surface is wet . If soil evaporation is  AEs , and the
temperature and vapour pressure at the soil surface  T
s
and e
s
respec tively , then the su rface resistance o f the soil is defined
by the equation
pc (e (T ) - es)
rs w $  
XE
s
( I )
where e (T ) is the saturated vapo ur pressure at temperature Tsw s
and the other quantities are de fined in section 3 (a). Monteith (198 1)
interprets this resistance in conceptual terms by describing evapo ra-
tion from a drying soil as occurring from wet soil below a dry so il
layer o f inc reasing thickness , trea ted as isothermal. Th is provides
a desc ription y da litatively consistent w ith observation . Although
this obviou s over-simplification leads to problems in physica l
interpretation (Fuchs and Tanner , 1967) , Equation (1) defines an
entity which can form the sub ject o f empir ical models . Such mode lling
is no t d iscussed further in the present paper .
Th e model described in Figure 1 adopts the concept of a bu lk
boundary layer resistance , r: , wh ich contro ls transfer between the
surface o f the vegetation and the canopy air stream (Thom , 1972).
Vertical transpo rt is controlled by two further aerodynam ic
resistances . The first, r
a
a
, is the transfer resistance between the
hypo thetical mean canopy flow and the reference height , x , above
the crop . The second , r: , is the aerodynam ic resistance encountered
by the energy fluxes leav ing the substrate before they are incorporated
into the mean canopy flow . For simplicity in this ana lysis it is assumed
that the various aerodynamic resistances are identical for sensib le
and latent heat . making this assum ption simp lifies the formalism
but does no t alter the derivation in any fundamental way .
41
41
41
41
41
41
41
41
41
41
41
41
41
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It is wo rth remembering at th is po int tha t the so called
'aerodynamic resistance ' generally employed when describing
energy partition w ith a comb ination equation (Monteith , 1965)
is obta ined by the addition of the component re sistances des-
cribed in the previous paragraph . In th is way the aerodynam ic
resistance used in a comb ination eq uation describing a closed
canopy (with no soil evaporation ) is (ra + rca ), while that which
would be used to describe evapo ra tion from the subs rate is
(ra
a
+ r
s). The relevant 'surface ' resistances in these twoa
situations are rc and rs. The objective in the follow ing sections
is to derive a comb ination equa tion , desc riptive of bo th p lant and
substrate evaporation , but which asympto tes towards simp ler combi-
nation equa tions involving the aerodynamic and surface resistances
re levant in limiting situations .
A
s
D
o
THEORET ICAL DEVELOPMENT
(a) Nomenclature
To tal energy flux leaving the complete crop as sensible
and latent heat per unit ground area (W m-2)
Total energy flux leaving the sub strate as sensib le
and latent heat per unit ground area (W m-2)
Extinction coefficient o f the crop for net rad iation
(dimension less)
Specific heat at constant pressure (J kg- 1 K-1)
Zero p lane disp lacement o f crop with complete canopy
cover (L=4) (m )
Vapour-pressure defic it a t reference height tew (Tx) - ex J (mb )
Vapour-pressure deficit at canopy source height Iew (To ) - eo l (mb )
Vapour-pressure at canopy source he ight (mb )
e CT )
H
s
r
a
a
.c
r
a
r
a
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V a po u r-p re ssu re a t the so il surface (mb )
Vapour-pressure at re ference he ight (mb )
Saturated vapour p ressure at temperature T (T = Tx ,
T , T ) (mb )
o s
So il heat flux (W m( 2)
Crop height (m )
Sensible heat flux from the complete crop (W m- I)
Sensible heat flux from the substrate (W  m- I )
Von Karman 's constant (dimensionless)
Eddy diffusion coefficient (m2 s - I )
Eddy diffusion coe fficien t at top of canopy (m 2 s )
Projected area o f leaf pe r unit ground area (Leaf Area Index )
(dimensionless)
Eddy diffusivity decay constant in a crop with comp lete
canopy cover (L=4) (dimensionless)
B iochemical storage o f energy in the crop be low reference
height (W m-2)
Aerodynam ic resistance between canopy source height and
reference leve l (s m- I)
Bulk boundary layer re istance of the vegetative elements
in the canopy (s m-I)
Aerodynam ic resistance between the substrate and canopy
source he ight (s m-I)
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Mean boundary laye r resistance per unit area of
- ,
vege tation (s m 1 )
r
c
Bulk stomatal res istance of the can opy (s m-I)
r
s
Su rface resistance of the substrate (s  n( I )
r
ST
Mean stom atal resistance (s m- I)
a  - 1
ra m )  Value of ra for bare substrate (s m )
a
a -
r
a
(a) Value o f ra for crop with complete canopy cover (L=4) (s m 1 )
a
-
r (o ) Value o f rs for bare substrate (s m 1)
a
r
s (a) -Value o f rs for crop with complete canopy cover (L= 4) (s m 1)
a a
To
Ne t rad iation flux into the comp le te crop (W m-2)
Net radiation flux into the substrate (W m-2)
Physical storage of energy in the atmosphere and crop
be low reference heigh t (R m-2)
Air temperature at canopy source he ight (°C )
Temperature o f the substrate sur face (°C )
A ir temperature at reference he igh t (°C )
Wind speed at the reference height (m  s - I )
Friction ve loc ity (m  s - 1 )
Re ference he ight above the crop where meteo rolog ica l
measurements are ava ilab le (2 m in this analysis)
height (va riab le) (m )
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Ro urjnness leng th o f crop  wI c h  comp le te canopy co ve r (L.4 ) (m .
z ' Roughne ss length o f the bare substra te (m )
XE
XE
XE
s
by
Mean ra te o f change o f sa turate d vapour pressure as a
function o f tempera tu re , [e (T ) - e (T )]/(T - T J (mb
w x w o X o
Psych rometric 'constant '(mb  0 C - 1 )
La ten t hea t flux from th e comp lete crop (W m -2)
Latent hea t flux from th e plant canopy (W m -2)
La tent heat flux from th e sub strate  ( w  m -2)
Density o f a ir (kg m- 3)
(b ) The Energy Budge t
A ll comb ination equ ations rely on draw ing up an energy budget
be tween th e outwa rd fluxes of sensib le and latent heat and the
energy ava ilab le in other form s . In this p rob lem two budgets are
drawn up , one at the substrate surface and one for the comp lete
cro p . T he sum o f the above canopy fluxes o f sensib le heat , H ,
and latent heat ,  XE ,  is the availab le energy , A , and is given
A =  XE  + H
= B. - S - P - G
whe re R
n
is th e incom ing net radiatio n , S and P are the physica l
and b iochem ica l energy sto rage te rm s , and G is the heat conductio n
in to the sub strate . In a sim ilar way , th e energy availab le at th e
substra te , A s , is glve n by
A
s
= XE
s
+ H
s
R -
n
where Rs is the ne t rad iation at the substra te su rface .
fl
a
XE  r
a
y
a
H r
a
and Tx - To =
pc
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In drawing up such ene rgy budgets it is clearly necessary to
consider average values of the seve ral components de fin ed ove r
horizontal scales wh ich invo lve significant numbers o f the
iden ti fiab le crop and soil features . :In genera l R
n
is less than
R
n
and A
s
less than A . In the limit o f bare substrate A and A
s
are equa l.
(c)  In  Canopy Deficit
By analogy with Ohm 's Law for the e lectrical analogue shown
in Figure 1, the difference in vapour pressure deficit and tempera-
ture between the leve l of me an canopy flow and reference he igh t
can be written in terms of resis tance and flux as
Introducing the definition of A into the expression for the vapour
pressure deficit at the canopy source height , Do , gives
D
o
= e (T ) - [e (T ) - e (T )] - e
w x w x w o o
and substituting equations (7) , (6) and (2), yie lds a re lationship
between D
o
and D such that
r
a
a
D
o
D [AA - [A +  y ) XE) pc
(8)
(6)
(7)
41
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In the mode l illus trate d (Figu re 1) , the evapo rat ion from the
sub strate ,  XEs . and p lants in the canopy ,  XE
c
, can be sepa rate ly 4I
calculated from equations o f the Penman-Monte ith type , thus
(d) The Sparse Crop Comb ination Equation
, s
A A
s
+ pc
p
D
o
/r
a 40
XE
s
-  (9)
A + y (1 + rs/rs ) 411
s a
A (A-A
s
) + pc D  /rc
p o a
XE = ( 10)
A + y (1 + r:/r:) 41
an d it can be shown (see Appendix ) that D
o
can be eliminated and
the resultant equation arranged  i n  the form 4I
The total evapo ration from the crop ,  XS ,  is the sum o f these two ,
XE  = C PM + C PM
c c s s
•
whe re PM
c
and  PM
s
are terms each similar to the Penman-Monteith
comb ination equations which wou ld apply to evaporation from a
close d canopy an d from bare sub strate respective ly . They have the form
41
AA + [pc  D - A rcA ]/(ra + rc) 40P a s a a
PM
c
= (12)å 4. y [ 1  4 .  r C / ( r a  4 .  r C ) 1 ID
s a a  J
ID
AA + [ pc D - A rs (A - A )1/ (ra  4.  rs )
P a s  J  a a 5
PM = ( 13)S
A + y [1 + rs/ (ra  .1.  rs ), I I
s a a i
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The coe fficients C
c
and C
s
are given by the exp ressions
RcRa
C
c
= 11 +  1
and C 1
s
= 1 +
R (R + R
s c a
where R
a
= (A + y )ra
a
RsRa
R (R  + R
a
)
c s
R
s
= (A + y )rs + y rs
a
R
c
= (6 + y)r + y r
a s
(15)
(16)
(17)
(18)
It can be eas ily seen that equ ation (11) has correct ly defined
asymptotic limits . If there is no substrate evaporation,rs and hence  R
are infinite , PMs is zero in Equation (11) , and Cc is un ity . If,
in addition , the re is no sensib le heat flux from the substrate ,  Hs and
hence A
s
are ze ro , and equation (11) reduces  t o the conventional
Penman-Mon te ith equation describ ing closed canopy evaporation with
no substrate interact ion . In a sim ilar way , if there is no canopy present
r
c
and hen ce  R
c
are infinite , and A = A . Equ ation .(11) reduces to a
conventional form , describing substrate evapo ration with the Penman-
Monteith equat ion Lnvolving a surface resistance app licable to the
substrate .
In the more general intermediate situation , when both substrate
and canopy evaporation occur, equat ion (11) provides a physically
p lausib le description of the total evapo ration XE. Once calcu lated,
th is can be substitu ted Lnto Equation (8) to compute Do , and in
this way the component fluxes XEc and XEs ca lculated from Equations
(9) and (10) if required .
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(e ) The lea f area dependence o f sur face re s istance
Th e assump tions and obse rvations made in Shuttlewo rth (19 79 )
and assoc ia ted papers (Shuttleworth , 1976 ; 1978 ) are imp licit in
Eq ua tion (11). In the contex t of the present problem a po int o f
particular re levance is the fact that the mean bo undary layer
resistance o f the canopy , rc , and the bulk stomata l resistance of
a
the canopy , r
c
, are both 'surface ' resistances , influenced by the
surface area o f the vegetation present. They va ry Inversely with
the tota l lea f area of the vege tative eleme nts present (Shuttleworth ,
1976 ) . This is im portant when considering the'e ffect of change s in
leaf area index on energy partition and it is convenient in this
case to rewrite these two sur face re sistances in the form
r
ST
r
c
-
s 2L
r
b
r
c
a 2L
(19)
(20 )
where r
ST
is the mean stoma tal resistance (of amphistomatous leaves )
and r
b
the mean boundary layer resistance , both expressed per unit
surface area of vegeta tion . L is the lea f area index o f the canopy ,
i.e . the pro jected area of the vegetation per un it ground area . In
this way these two resistance s are high in very sparse canop ies and ,
a ll other th ings being ec.ual, decrease inversely as the area of
vegetation per un it ground area increases . In practice this is just
a first approximation since rb may itself be in fluenced by changes
in mean canopy w indspeed , and rsT may change in response to differences
in shad ing .
The resistance rs
s
is also a surface resistance and should there-
fore be divided by the area o f expo sed sub stra te per un it ground area .
In practice the  area  occup ied by plant stems is likely to be a sma ll
fraction of ground area . Any litter present on the ground can be
regarded as part o f the substrate .
••
•
•
•
•
I
41
'0
41
41 (a) Mode l specification
41
•
Ava ilable Energy
41 The phy sical and biochemica l storage terms , S and P , are ignored
• in equation (3). Since ne t rad iation during day light hours is primarily
•
determ ined by direct radiation , it has been found experimenta lly
(e .g . Ross, 198 1) that the rad iation reaching the soil surface , R
n
, can
41 be calculated using a Beer 's Law re lationship o f the form
41
•
Rs = Rn exp (- CL ) (21)
41
41 where.0 is the extinction coe fficient o f the crop for net rad iation ,
chosen arbitrarily as 0 .7 (see for examp le Monte ith , 1973). It is
41 convenien t here to ignore variations in C which may occur in response
41 to structural differences in crops of d ifferent density , although this
cou ld (if known ) be included in specific cases. In the present cal-
culation the heat conduction into the substrate , G , is arb itrarily
41 set to 20 pe r cent o f the radiation received at the substrate surface ,
•
•41
(ii) Mean Stomatal Resistance
41
41 The mean stomata l resistance , rsT , is taken as 400 s m - I . It
41
fo llows from Equation (19) that, for a leaf area index , L , o f 4 , the
 
bulk stoma tal resistance , rc
s
, is 50 s m - I . Th is value is typ ica l
•
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VEGETAT ION DENS ITY VAR IAT IONS
In this section the response of equation (11) is exp lored when
applied to crops o f the same height but w ith d ifferent lea f areas ,
which are subject to a specified atmospheric demand . Fo r the
purposes of comparison , ca lculation s are carried out assum ing
measured meteorolog ica l variables are ava ilab le above the crops at a
height , x , o f 2 m . In this way it is assumed that any density re lated
interaction between the crop and the meteorological variables ,
albedo changes , can be trea ted separately (we return to this po int
later). Ca lculations are ma de for soil and wa ter substrates , using
a specification of the component resistances drawn from the literature ,
and taken as applying to a 'typical ' agricultura l crop .
R
s
, and there fore G also changes with crop density .
fl
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o f a fully grown agricultural croP (see Wa llace et .a l., 198 1).
(iii) mean Boundary Layer Resistance
Measurem ents of mean boundary layer resistance , rb , generally
have significant scatter and exhibit some de pendence on in-canopy
w indspeed . The value of rb for stands of vegetation . of d ifferent
density is therefore uncertain . Typ ical values measured in the
fie ld are in the order 25 s m - I  (see Denmead . 1976 ; Uchijima . 1976)
and th is value is assumed here . The correspo nding bulk boundary
layer resistance is 3 s m - I  for a leaf area index o f L=4 . In practice
this resistance is only significant in equation (11) when acting in
comb ination with the much larger bulk stomatal resistance ; errors in
its assumed value are shown later to be of limited numerica l
importance .
(iv) Su rface Resistance o f the Substrate
The description of sub strate evaporation in terms o f a surface
resistance is som ewhat novel in this paper , and , in consequence ,
typ ical values are difficu lt to spec ify . Ca lculations are performed
for three values of r
s
, viz 0 , 500 and 2000 s m- 1 . The first value
(rs=0 ) co rrespond s to a substrate o f wet soil or free water, whilst
the last (r
s
=2000 ) is arguably typ ical of fairly dry soil - theoreti-
s
cally , it corresponds to molecu lar d iffusion through a 1 .5 cm th ick
layer of dry sandy soil (Fuchs and Tanner , 1967) . The th ird value
(r
s
=500 ) is chosen mere ly as an in termed iate value ; on a un it
area basis it is in the same order a s that o f dry vegetation .
(v ) Eddy Diffusion Resistances
C learly crop density affects the size of the aerodynamic
resistances r
a
a
and r
s
, but the quantitative response o f w ithin
a
canopy aerodynam ic transfer to differing lea f area index is
perhaps the least understood aspect of micrometeoro logy , and like ly
to rema in so in the foreseeable futu re . In these circum stances we
have assumed the simplest po ssible model in wh ich r: and rs vary
ID
•
-121-
41 linearly with leaf are index.between the va lues assoc iated w ith
their two limits , namely bare sub strate and a complete canopy
11• cover (which we arbitrarily assume corre sponds to L=4). In fact ,
ID
as we demo nstrate later, the quantative effec t o f this simp le
treatment has a lim ited effect on component and total evaporation
• fluxes .
40
ID
In crops with complete cover the effective source , at which mean
canopy air stream conditions are assume d to app ly , is defined to occur
• at a height (d+zo ) in the crop where d is zero plane d isplacement and
•
z
o
is crop roughness length . Monte ith (1973) relates d and z
o
to
crop height for the fully developed crop through the expressions
ID
• = 0 .63 h
•
(22 )
z = 0 .13 h
41 0
40 In sparser crops we assume that the effective source height remains
•
fixed at this fraction of crop height. It follows that in th is
41
exerc ise , where crop height is held constant , the effective height
at which the p lant components of sensible and latent heat arise is
• assumed to be independent of crop density . Fo r simplicity stability
•
effects are ignored here and the eddy diffusion coefficients describ-
ing the vertical movement o f heat and water vapour are equated to those
411 for momentum .
•
•
Above the fully developed crop  ( L  >. 4) , the eddy diffusion
coeffic ient , K , is given by
ID
• K  = k  u. (z - d ) (z > h ) (23)
where k is Von Karman 's constant , z is height and u. is the friction
ID
velocity , which , in conditions of neutra l atmospheric stab ility , is
ID given by the expression ,
= k u / In (Cx - d )/z0 ) (24 )
•
•
where u is the wind speed at the re ference he ight x. It is also
ID assumed that , in the closed canopy , the eddy d iffusion coe fficient
decreases expontentially w ith he ight , thus
411
•
= Kh exp I-n (1 -  E  )) (25)
r
a (a )
-
a
In (ix - d )/zo  r
k2u
n (h - d)
1n2 (x/z ')
r
a (0) r
s (0)
a ak2u
In (x - d )/ (h - d l
d + z 11
( exp (n (1
-/Fo r a crop height (h) o f 0 .3 m and w indspeed (u ) o f  2  m s , th is gives
- -
r
a
(a ) = 12 8  s m 1 and ra (a ) =  4 2  s m 1 .
a
r  5 (0 ) = 49 s m and r (0 ) = 34 s m respect ive ly .
aa
- 1 a  - 1
ID
•
•
•
•
( 2 7 )0
•
•
•
W ith a bare substrate , computati_on is simp ler . He re the 41
aerodynamic resistances are given by 41
In (x/z ') In (id  +  z 1 / z 1  ) 41
r
s (0 ) =
o o o ( 2 84
a k2U
•
•
( 2 946
•
where z ' is the effective roughness length of the substrate . For
• 41
ba re so il z ' is common ly taken as 0 .01 m (see van Have l and Hillel,
19 7 6 )  and for simplicity here differences in the surface roughness 41
between wet so il and free water substrate s are neglected . The values 41
of these resistances in the present situa tion w ith u=2 m s - 1  are 41
•
•
0a•
Since  itje do not ye t know exactly how r
a
and r
s
will vary .
a
we assume they have a linear relationship between their asymp-
totic limits . Thus
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a
= r
a
.(a ) 4- (4 - L) ar  r
a
(0)
a 4 a 4
r
s (0 )rs = rs (a ) (4 - L) 
a 4 a 4 a
r
a
= r
a (a)
a a
s
r = ra (a)
a
0 L :,.: 4
1
(30 )
L > A (31)
It is shown later that the exact form of these re lationships are
usually of Lim ited numerical importance in ca lculations of evapo ra tion .
Imp licit in the above equations is the assumption tha t the roughness
length and zero plane displacement of crops with intermed iate cover
(0 < L < 4) va ry between the va lues app ropriate to complete cover
(z
o
and d ) and bare soil (z
o
' and zero) and are therefore no t a
fixed fraction of crop he ight . However , the e ffective source he ight
of the energy flux es from the vegetation (mean canopy flow ) is a
fixed fraction of crop height .
cond itions
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(b) Mode l pred ictions
Ca lcu lations are carried out for the follow ing meteorolog ical
R
n
= 400 W m- 1
D = 0 ,10 ,20 mb
T
x
= 25
o
C
and u 2 m  s - 1
Such meteo rologica l conditions might be considered typica l for
m idday in the midd le of a growing season at a subtropica l site .
However , the objective is not to make detailed predictions for
pa rticular meteo ro logical conditions , it is rather to illustrate
the gene ral features of the theoretical trea tment described .
(i) Free Wate r Sub strate
The situation in which r
s
= 0 is in som e regards a particular
case . It m igh t be considered to represent the behaviour of paddy
rice or crops which are (over ) watered by trickle irriga tion .
Results for th is situation are illustrated in Figure 2 .
Figure 2 (a ) illustrates tota l crop evapo ration rates for the
meteoro logica l cond itions specified above , for crops of different
density , defined by their lea f area index . These rates are compa red
with the energy availab le to the who le crop , and that availab le to
the sub strate . The energy availab le to th e system increases sligh tly
with crop cover , wh ile that o f the substrate falls monotonica lly .
Th is behav iour mere ly reflects the assumptions regarding G and Rtsl
made in section 4 (a) (i). The tota l evaporation rate varies consider-
ab ly w ith vapour pressure deficit , but for a given atmospheric demand
is fairly independent o f crop cover (± 9 per cent) . The rate dips
around L = 1 when radiation capture by the p lants is significan t , bu t
their bulk stomata l res istance is st ill quite large .
Figure 2 (b) illustrates the fraction o f the availab le energy
partitioned by the vegetation , (A - As)/A , and the fractiona l
contribu tion made to total evaporation by the plants , Xec/XE ,
41
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41
afor different tmospheric deficits . The frac tion of the tota l
evapo ration generated by the crop is fairly insensitive to defic it
41 and no ticeably less tha n the fraction o f radiation intercepted .
41
(ii) Substrate Resistance Depende nce
41
41 Figu re 3 illustrates the effect of changes in the surface
41 resistance of a soil substrate fo r crops of di fferent densi ty .
41
Ca lculations are presented for an atmospheric vapoUr pressu re de fict
of 20 mb ; the effect at di fferen t de ficits is qualitative ly simi lar ,
41 although the actual value of the evaporation rate changes .
41
41
Th e tota l evapo rat ion rate o f sparse crops is sign ificantly altered
by the cond ition (i.e . surface resistance) o f the soil substrate
41 (Figure 3a). The contribu tion to total evaporation made by plants
41 is also sensitive to r
s
, an d can eas ily exceed the fraction of
41
ene rgy inte rcep ted by the canopy when leaf area index is low (L < 2)
and soil surface resistance high . In this situation some o f the energy
41 incident on the soil is transferred as sensib le hea t to the canopy and
utilized there for transpiration .41
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(c) Mode l sens itivity
In this section the sensit ivity of the ca lcu la:lions made
us ing the spa rse crop comb ina tion equation (Equa tion (11)) io
the assumptions made in section 4 (a ) is exp lored w hen the
mo d e l is used with surface resistances appropriate to sparse
crop s grow ing in soil .
(i) The Parame terization o f Aerodynam ic Resistance
Calculations of evaporation ra te and the fraction o f evapora-
tion arising in the crop are presented in Tab les 1 and 2 respec-
tively . The values pre sented are for a vapour pressure deficit
of 20 mb , a stomatal resistance o f 400 s m - I  and a soil surface
resistance o f 500 m s- I  with the assumptions made in 4 (a ), except
that ex treme changes are made in the parame teriza tion o f aero -
dynam ic resistance .
Tab le 1 (a) and 2 (a) illustrates the effect o f halving and
doubling the assum ed va lue o f mean bounda ry layer resistance . C learly
the model, and the physical process it describes , is rather insensitive
to the va lue of rb : chang ing the value by a factor two changes  XE
and  ( XE
c
/ XE )  by 2 per cent or less .
The effect of halving and doub ling the constant n , which describes
the exponential decay in eddy diffusivity through a fully developed
crop , Equation (25) , is illustrated in Tab le 1 (b ) and 2 (b ) . The
magnitud e of the response is in the order o f 5 per cen t, the
propo rtionately largest effect in sparse canopies .
Tab le 1 (c) and 2 (c) test the sensitivity of the mod el to extreme
changes in the paramete rization o f ra and rs as a func tion o f the lea f
a a
area index , L , given in Equation (30) and (31) . Calcu lations are made
with these aerodynamic resistances held at their complete cover and
bare substrate limits . Again the magnitude of the response is
typically in the order o f 5 per cent . The effec t on total evaporation
.rate o f using the complete cove r resistance in ba re substrate cond itions
is greater than this , 21.5 pe r cen t , but corresponds to m iscalculat ing
the aerodynam ic resistance by a factor of two in cond itions o f high
vapour pressure de ficit .
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Net Rad iation Absorption
Tab le 3 presents calculations o f (a ) evaporation rate and
(b) the fraction o f evaporation origina t ing fro m the crop for
D  = 20 mb , r
ST
= 400 $ m - I  and rs - 500 $ m - 1 , w ith o ther
parameters as in section 4 (a) except tha t C is alered . Ca lcu-
lations are made for C = 0 .7 , as elsewhere in the analysis , and'
for C = 0 .5 and C = 0 .9 . Such a range in rad iation .absorption
coe fficient is no t atypical o f that found for real crops . With
these assump tions the response of tota l evaporation ra te to
changes in C is sma ll , less than 1 per cen t; that in the plant
fraction o f this evapo ration is larger , 5-10 per cent .
Some care is necessary in interpreting these particular resu lts.
The ca lculations presented in Table 3 represent the behaviour o f
sparse crops growing in so il w ith a surface resistance rs = 500 s m-I
-and a stomatal resistance r
ST = 400 s m
1 (cons istent w ith the rest of
this section ) . However in this situation we get a m inima l response
of evaporation to changes in C . This paramete r directly contro ls the
fractional absorption of radiation by the plants and is therefore a
driving mechanism in the initial routing of energy fo r partition by
the surface resistances of the plants and soil . In th is ca lculation
r
s
and r
ST
are in the same order and th is tend s to supress the response
of the total evaporation rate to changes in C . Changes in the fraction
of evapo ration originating from the plants are more affected by changes
in C .
(iii) Mean Stoma ta l Resistance
Figure 4 illustra te how the value o f r
ST and hence r
c
, contro ls
'
transp iration in crops with different density . The to tal evapo ration
rate changes significantly , though not o f course propo rtionally , when
r
ST is halved and doub led , and the propo rtion o f evapo ration originat-
.ing at the plants a lso changes, especially in the sparser crops .
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CONCLUDING REMARKS
The assumption (made in section 4 (a ) (v )) that the effective
source height o f the crop compone nt of energy flux remains fixed
at the va lue o f (z
o
+d ) relevant to comp le te co ve r, irrespective
of crop density , should no t be m isinterp reted as imp lying that
z
o
and d are themselves assumed constant w ith chang ing crop density .
These roughness parame ters do of course change in .the present model
and tend to the value s for bare so il (z
o
' and zero ) in the limit .
The assumption made here is , rather , tha t the p lant components
o f the energy fluxes can be considered as arising at a particular
fraction o f the crop he ight (0 .76 h; equa tion 22 ), which is
spe cified by the value o f (zo+d ) re levant to a closed canopy , and
remains fixed at this fraction o f h as vegetation density changes .
The assumption that the crop flux so urce height is a constan t
fraction o f crop height invo lves approx imation , as indeed does the
additional imp licit assumption that a single source level is
appropriate fo r both heat and vapo ur for all crop densities , and
that this is co incident with the e ffect ive sink o f momentum in a
closed canopy . Moreover , we have chosen to simplify the present
ca lculation s and presentation by ignoring the e ffect o f stability
in calculating componen ts o f aerodynam ic resistance (although it
would be fairly simp le to include an ite rative correction to a llow
for these using empirical stab ility functions above the crop or
so il) . The se severa l approximations in the present mode l serve to
exacerbate and illustrate a more basic lack of understand ing o f how
aerodynam ic transfer resistances evolve as crop s grow . In light
of th is , the lim ited sensitivity o f the present theo retical descrip-
tion to extreme changes in the parameter ization o f aerodynamic
resistance (see section 4 (c ) (i)) is an impo rtant feature of the
present paper .
The curren t examp le calculations o f the variation in energy
partition with crop density at fixed crop height (presented in
sections 4 (b ) and 4 (c )) should no t be regarded as describing the
41
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41
41 va riation in energy partit ion as a crop grows ; even though this may
41 eventua lly be the mo st likely use of the mode l presented here . The
41
aim of the present p-aper is to suggest a ma thema tic scheme wh ich
can be used to calcu late evapo ration when measuremen ts or submode ls
41 of the crop heigh t , lea f area , stoma tal and substrate resistance ,
411 net radiation interception and soil heat flux are ava ilable . The
41
difficulties involved in prov iding such crop specific submode ls
are not underestima ted . Some are clearly interrelated , for examp le ,
• leaf area influences soil heat flux and net rad iation (throughe lbede);
41 and , apart from the direct effect on bulk stomatal resistance , leaf
41
area could also have indirect effects on biolog ical control by
changing the radiation load ing on ind ividual leaves . None-the-less
41 the present paper represents an attempt to provide a framework through
41 wh ich such submodels may be comb ined to calculate energy partition .
41
Th is may ultimatelyj y ield a more accurate me thod for calcu lating
evaporation from sparse crop s and , hence , a better understanding
41 o f how stomatal control takes over from soil conditions as crop cover
Increases.
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
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41
41 Leaf Area Index
Mode l
• Change
0 0 .5 1.0 1.5 2 .0 3.0 4 .0
41
• (a) rb = 12.5 s m - 1  135 210 263 30 2 331 370
394
• No change 135 209 26 1 300 329 368 392
• rb
= 50 s m - 1 135 207 259 29 7 325 364 387
411 ( 0 ) (1.4 ) (1.5) (1.7) (1.8) (1.6) (1.8 )
•
(b ) n = 1.25 135 207 259 299 329 370 396
41
No change 135 209 26 1 300 329 368 392
41
n = 5.0 135 223 270 30 3 328 362 382
41 (0 1 (7 .7) (4 .2) (1.3) (0 .3) (2 .2) (3.6 )
41
• (c) COVER 164 221 265 299 326 365 392
• No change 135 209 26 1 300 329 368 392
• BABE 135 206 259 300 332 378 409
• (21.5) (7.2) (2.3) (0 .3) (1.8) (3.5) (4 .3)
41
•
•
41
41
•
41
41
41
41
41
41
41
•
41
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41
41
Le a f A rea Inde x 41
Mode l
Ch ange 41
0 0 .5 1.0 1.5 2.0 3.0 4.0
41
-
(a) r
b
= 12 .5 $ m
I
0 48.2 66 .7 76 .6 82 .8 89 .7 9 3.3 41
No ch ange 0 47.9 66 .5 76 .4 82.5 89 .5 9 3.2 41
- 1
rb = 50 S  m 0 47.4 66 .0 75.9 82 .1 89 .2 92 .9 41
(0 ) (1.7) (1.0 ) (0 .9 ) (0 .8) (0 .6) (0 .4)
(b) n = 1.25 48 .7 67.3 76.9 82 .6 88.8 92.0
41
No change 47.9 66 .5 76 .4 82 .5 89 .5 9 3.2
41
n = 5 .0 0 43.3 62 .5 74.4 82 .3 9 1.2 95 .4
41
(0 ) (11.3) (7.2) (3.3) (0 .4) (2 .7) (3.6)
41
(c) COVER 44 .4 64 .6 75.7 82.4 89 .7 9 3.2 41
N o change 47.9 66 .5 76.4 82 .5 89 .5 9 3.2 41
BARE 0 48.7 67.3 76 .9 82 .6 88.8 9 1.9 41
(0 ) (9 .0 ) (4 .1) (1 .6 ) (0 .2 ) (1 .0 ) (1 .4 ) 41
41
Table 2 . Fraction o f total evaporation orig inating from the plants (per
cen t) ca lculated for D = 20 mb , rs = 500 s m - I  and r
ST
= 400 $ m  I
w ith changes in the parame terization of aerody namic re sistance (see 41
text). Numbers in brackets are the full range difference in the two ',
perturbed values expressed as a percentage of the fraction
given by the unmod ified mode l.
•
41
41
41
41
41
41
41
41
41
41
Calcu lated
Parameter
(a) Evaporation
= 0 .5
' 0 .7
= 0 .9
(b ) P lant Fraction
= 0 .5
= 0 .7
0 .9
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Leaf Area Index
0 .5 1.0 1.5 2.0 3.0 4 .0
135 208 260 298 327 366 390
135 2409 26 1 300 329 368 392
135 209 262 301 330 369 392
(0 ) (0 .5) (0 .8) (1.0) (0 .9) (0 .8) (0 .5)
0 .0 45 .5 6 3.2 72 .9 79 .1 86 .7 9 1.0
0 .0 47 .9 66 .5 76 .4 82.5 89 .5 9 3.2
0 .0 50 .1 69 .1 78 .9 84.8 9 1.1 94 .1
(0) (9 .6 ) (8.9) (7 .9) (6 .9) (4 .9) (3.3)
Tab le 3 . (a ) To ta l crop evaporation rate  (W  m - 2) and (b ) fraction of tota l
evaporation originating from the plants (percent) , calculated for
D = 20mb , rs = 500 s m - I  and r
ST
= 400 s m- I , for changes in the
net radiation extinction coefficient C = 0.5, 0 .7 , 0 .9 . Numbers
in brackets are the full range difference in the two pe rturbed
values expressed as a percentage o f those given with C = 0 .7 .
APPEND IX Derivation o f the sparse crop comb ina tion equation
g ives
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In troducing Equa tion (6) in to Eq uations (9) and (10 )
r
a
pc
XE
s
AA + - - 2  (D + [AA - (A +  y)))D]
s s pc
ra p
A + y (1 + rs/rs )
s a
Pc
a
XE =  A (A - A ) + __E (D + [AA - (A +  y ) XE ]
ra
c
 
r
c pc
a
A  + y (1 + rc/rr)
s a
The to ta l evapo ration flux ,  XE ,  is g iven by XE = XEs + XEC .
Add ing Equa tions (A l) and (A 2) g ives
rs
XE  = åå
s
a + Po (D  + [ AA
r A (A -
(A  + y) rs + yrs
a
a
(A + y))(D[ ra )
pc
a
r
a + pc (D + [AA  (A +  y)XE] ra
pc )
(A  + y) rc + y rc
a
Mu ltip ly ing (A )) by the produc t o f the two denom inato rs and collecting
term s in XE g ives
41
41
41
41
41
41
11
41(Al)
41
41
6
41
41
(A2)
41
41
41
41
41
41
41
(A3) •
41
41
41
41
41
41
41
41
41
41
41
41
c{
XE
 W I •4 yj r: y r5 ) (p , y
 Y rf- s) [A + y] ra,
c([6 + y] rca y r
s
) [A + yj r: ([4 r y ] r: + y r : ) (A 4 )
If we de fine
Now
c(AA
s
r
a
+ pc D +  AA  ra ) ([6 + YJ ra + . y rs)
a
XE ( R .R + R R + R R )
s c c a s a
a ,.  r ,
 , s
(A [ A - As ] ra + pc D +  AA  r
a
) (1.8 + yj ra + y rs )
and sub stitu te th ese in to  (A4 )  w e ge t
r a s ,
r
s
1. 2% - A ] ) R= ( AA  ir
a
+ ra aj + pc D
rc A ) Rr a c ,(AA  (r
a
+ ra j + pcp D a s
Y rs (A9 )
c
r
 ( A 1 0
AE (R R + R R
 + R R )
s c c a s a
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(AS )
(A6 )
(A7 )
(A8 )
PM R
 ( R
 + R ) PM R
 ( R
 + R
a
) (A l las c s c s
where PM
s
AA  + [pc D (A A
s
)// [ra rsj
0  a a a
„ a c
AA  + [pc D - ra As]/ it'
a
+ r j
a
and  PM
c
=
6 y (1  4.  rc/ Fra rci )
s I a a
So Equa tion  (A 1 1 )  becomes
-138-
+ y (1 + r5 [r/ a rsl)
s a a
XE = C  PM + C P M
Equation (A 14 ) is th e desired sparse crop comb ina tion eq ua tion .
The co ntr ibu tions  XE
c
and XE
s
can now be computed from
Equa tions (9 ) and (10 ) w ith Do g iven by Eq ua tion (8).
P rov id ing
C$
C
s
=
=
c
R
c
R R
s c
R
s
R R
s c
c s s
(R + R )
s a
+ R R + R R
c a s a
(R + R
a
)c
+ R R + R R
c a s a
L
11
L.
+
RsRa
- I
R
c
(R + R )
s a
RcRa
R
s
(R + R )
c a -
••
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Figure 1 Schematic diagram of a one-d imensional description
•
c lature used is given in Section 3 (a ).
es
- - SO IL SUR FAC E
of energy partition for sparse crops. The nomen-
500
400
a)
100 b )
Energy intert ept ion
i 80 1%.-153 * 1
e 110 5
— 60
z
. 4 ! 9 *
k
0R .,0 40 % Evapo rat ioncc
m
w & acc ret ion ( 0 . 10 mb )
- 140 -
Energy available to crop
a0 20 Evappratien ( D- 0 mb )
o
2
LEAF AREA INDEX
•
 
- " "..' - a - - - - E v alp o r a t i o n ( 0 - 2 0 rn b )„
1E300
. . . . . . . . . . . .
— . *- - - - - - - - - -. - - - - ion
nI D . 10 rnb )
.
E- - --* --- eyano.. ..ra t
.
.
x .
20 0
•D '- ‘7 7 . _ _ _ _ , _ _ _7 . - - - - •
Ls. & agora: (0 - 0
o : lb )
>
0 , ,
mH gle
 Energy aye: : : t - s7 7 a7 .
w
z
w
0
0 i 2 3 4 5
LEAF AREA INDEX
4 5
F igure 2 (a ) Energy availab le to the crop and sub strates
exp ressed as a functio n o f L , compared
with compu ted total crop evapo ration rates
for the mod e l and cond itions desc ribed in
the text , w ith vapour p ressu re defic its o f
0 ,10 and 20 mb and a free wa te r sub strate .
(b ) Frac tion o f to ta l evapo ration orig inating
from the p lants expre ssed as a funct ion o f L ,
computed for th e mode l and cond it ions described
in the tex t , w ith vapo ur pressure de fic its o f
0 ,10 and 20 mb and a free wa ter substra te . The
fraction o f ene rgy in te rcepted by the vegetation
is a lso shown fo r co mparison .
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LEAF AREA M DEX
•
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LEAF AREA INDEX
(a) Co mp uted to ta l: crop evaporation rates expressed as a
function o f L for the mode l and cond ition s described
in the text w ith mean stomatal re s istances o f 200 , 40 0
and BOO s m- 1.
(b ) Fraction o f to ta l evapo ration orig inating fro m the
p lan ts expressed as a function o f L computed fo r
th e mode l and conditions desc ribed in the text
with mean stoma ta l re sistance s o f 200 , 400 and
800 s m- 1.
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